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INTRODUCTION 
Modem mechanization and harvesting methods have aggravated the 
problems of quality control during harvesting and processing of shelled 
corn. Harvesting corn at high moisture with field shellers or combines 
is now a common practice. Since high moisture shelled corn will deterio­
rate an appreciable amount in only a few days, the need for reducing the 
rate of deterioration is obvious. Several methods of reducing the rate 
of deterioration of high moisture shelled corn are available. 
Reducing the moisture content of shelled corn is the most common 
practice of reducing its deterioration rate. Moisture levels for safe 
storage of shelled corn are well known. In grain drying and other 
processes, information on the quantitative effect of moisture content at 
levels above that for safe storage on the deterioration rate of shelled 
corn is needed for good design. The quantitative effects of temperature 
and mechanical damage on the deterioration rate are similarly important. 
Loss in quality or deterioration is primarily a function of biologi­
cal activity. Carbon dioxide measurements are used in this study as an 
indication of the gross biological activity o:curring in a grain mass, 
including respiration of the grain and the microorganisms. The relation­
ship between grain quality and carbon dioxide production is not well 
defined, but the loss in dry matter can be estimated with good accuracy 
from carbon dioxide production. Research and experience indicate field 
shelled corn may fail to grade No. 2 or better by official grain standards 
if it loses more than 0.5 percent in dry matter. 
The purpose of this study is to establish the effect of temperature, 
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moisture and mechanical damage both typical and artificial on the rate of 
production of carbon dioxide from small samples of shelled corn exposed 
to conditions similar to those encountered above the drying zone in 
in-storage drying systems (i.e. constant temperature and moisture condi­
tions). A collection of data from tests conducted during 1961-66 is 
reviewed to better establish the effect of time, moisture content and 
temperature on the production of carbon dioxide from small samples of 
shelled corn. A substantial portion of the difference between different 
sets of data is explained by differences in levels of mechanical damage. 
A study of all the data permits some interpretation of the effect of 
mechanical damage on the deterioration of shelled corn. 
To better understand the effect of mechanical damage on deterioration, 
several artificial damage treatments were studied. These studies provide 
information on the relative effect of different types of mechanical 
damage on grain deterioration. 
REVIEW OF LITERATURE 
Probably the first significant description of grain drying as air is 
forced through a deep bed of grain was provided by Kukill (11,12). In 
his description of the drying process, a layer of grain where drying is 
taking place is called the "zone of drying." This drying zone forms at 
the air intake side and progresses through the grain in the direction of 
air movement until drying is complete. Hukill and Shedd (15) and Saul 
(25) demonstrated that little or no drying takes place above the drying 
zone. Hukill (11) describes the grain drying process as one of constant 
total heat, and with some exceptions the wet bulb temperature of the 
exhausted air is equal to the wet bulb temperature of the entering air. 
Saul (25) also concluded that the in-storage drying process is essentially 
an adiabatic saturation of the drying air. 
From these descriptions of the drying process, the temperature of 
the undried grain which is above the drying zone can be described. The 
temperature of the undried grain is essentially the temperature of the air 
in the undried grain. The two properties of a drying system which define 
the temperature of this air are the wet bulb temperature of the air enter­
ing the grain bed and the moisture content of the undried grain. For 
practical purposes the temperature of the air in the undried grain is 
defined by the wet bulb temperature of the entering air and the relative 
humidity which is in equilibrium with the moisture content and temperature 
of the undried grain. 
Foster (7) suggested the possibility of a more economical grain 
drying system. Decreasing the airflow rate and taking longer to dry the 
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grain reduces the total energy required to move the air through a grain 
mass. For example, reducing the airflow rate by one-half, or essentially 
doubling the time to dry reduces the fan power to about one-sixth of its 
original value and the total energy requirement to about one-third. This 
suggests taking as long as possible to dry a given batch of grain. 
However, since biological activity is present during grain drying and will 
result in grain spoilage, a maximum or permissible drying time is defined 
by the acceptable change in quality during drying. Using a deterioration 
index based about equally on viability, fat acidity and commercial damage, 
Foster evaluated the effect of different airflow rates on shelled corn and 
wheat. He concluded the minimum airflow rate or permissible drying time 
depended largely on the limits of acceptable grain quality and that 
deterioration during drying was associated with the length of the drying 
period and the temperature of the drying air. 
Teter and Roane (35) proposed a time-temperature limitation curve for 
reducing grain to 15.5 percent moisture content. They indicated a 
correlation of mold growth with seed damage and air temperature. 
Hukill (14) illustrates how permissible drying time combines with 
other primary factors and how the resulting relationship might govern the 
ultimate choice of buildings and equipment for a grain drying system. He 
suggests four primary factors; (1) initial moisture, (2) kind of grain, 
(3) initial condition and (4) weather (wet bulb temperature data), which 
would define permissible drying time if sufficient data were available on 
grain deterioration rates and grain quality. A diagrammatic illustration 
of the power requires and building cost as a function of grain depth is 
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given. The addition of these costs represents the total annual cost as a 
function of grain depth and clearly illustrates the possibility of an 
optimum grain depth for grain drying systems. 
Many investigations have been made of the respiratory activity of 
stored grains and their associated microflora. The major portion of 
these, since they were concerned with grain storage and seed viability 
problems, were conducted at moisture contents and conditions unlike those 
encountered in the grain drying process or in aerated high moisture 
storage of shelled corn. 
Semeniuk (29) has provided a rather complete review of the investiga­
tions of microflora in stored grain and grain products. The grain storage 
studies described by Semeniuk indicate the growth and development of 
microflora depend upon the available oxygen, the food supply, the tempera­
ture of the grain and the relative humidity of the grain atmosphere. The 
kinds and abundance of fungi, bacteria and actinomycetes found in grain 
and their products are indicated. Bacterial activity is not considered a 
factor of much importance in grain storage, since the grain moisture 
content is usually below the level which will support the growth of 
bacteria. In general, microorganism activity lowers the grain quality by 
producing toxins and by lowering the viability, nutritive value, edibility 
and industrial usefulness of grain and grain products. 
Milner and Geddes (23) have provided an explanation of the respira­
tory process and a summary of the studies on grain respiration under 
storage conditions. The combined respiratory activities of the grain, 
molds and insects are doubtless responsible for the deterioraLicii and 
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heating of stored grains. They cite numerous studies which support the 
view that mold growth is the major cause of grain deterioration. 
Respiration of living cells may occur in aerobic or anaerobic condi­
tions (23). Under aerobic conditions oxygen is absorbed and organic 
compounds, particularly carbohydrates and fats, are oxidized with the 
formation of carbon dioxide and water as end products. Under anaerobic 
conditions, the respiration is involved in the fermentations carried out 
by many microorganisms to produce carbon dioxide, ethyl alcohol and 
various acids. Under both conditions, carbon dioxide is produced and is 
commonly used as an index of gross metabolic activity. 
Most of the studies of grain respiration reviewed by Milner and 
Geddes (23) were conducted under laboratory conditions in either aerated 
or sealed containers. The majority of the respiration studies were 
conducted at one temperature and at moistures within the range of those 
found in bulk storage of grains. 
Milner and Geddes (23) suggest the probability of not attaining the 
maximum respiratory potential from samples studied under conditions in 
which the carbon dioxide concentration in the container increases continu­
ously. Carbon dioxide concentrations of 7 to 12 percent have been 
reported to depress the respiratory rates of soybeans and wheat (21,22). 
Oxygen tension may also contribute to the depression of the respiratory 
rate. 
Aerated laboratory systems are more difficult to operate, but they 
have shown the respiration rate from a given sample of grain, subjected 
to a fixed and constant environment, changes with time (23). The same 
7 
studies indicated increasing respiration rates with increased aeration. 
However, the maximum airflow rate used in these studies was many times 
lower than those found in grain drying systems. 
Milner and Geddes (23) suggest the prior history of seeds as an 
additional factor in the growth and development of microorganisms. The 
storage properties of grain are influenced by the environmental conditions 
during growth and maturation. Prolonged periods of high humidity during 
the preharvest season will probably be reflected as undesirable. Physical 
damage to the seed coat from any cause, such as mechanical damage from 
harvesting, handling, or from insect attack, increases the storage hazard. 
Frost-damaged seeds, even though of lower viability, are reported to 
respire more rapidly than sound seed. Heat-injured seeds are also 
reported to be more susceptible to undesirable biological activity. They 
cite studies which indicate viable seeds resist the growth and development 
of microorganisms. 
The relative importance of seed metabolism and that of microorganisms 
in grain deterioration can only be obtained by separating their activities 
(23). This would involve studies with sterile viable seeds. Obtaining 
sterile viable seeds is difficult, and respiration results from these 
seeds are subject to criticism because the effect of this sterilization 
on the metabolic activities of the grain is questionable. The respiration 
of mold-free wheat at 35°C and moisture levels of 20 to 31 percent have 
been reported (23) to be low and almost constant with time. In contrast 
the respiration rates of moldy wheat increased with time. 
Earle et al. (6) reported the component parts of a corn kernel on a 
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moisture-free basis. The analyses indicate the endosperm portion as 81.9 
percent and the embryo portion as 11.9 percent of the total kernel dry 
weight. The balance was considered as bran and tip caps. 
They also reported on the chemical composition of the component 
parts. The average chemical composition of the endosperm was 86.4 percent 
starch, 0.6 percent sugar, 0.8 percent oil, 9.4 percent protein and 0.3 
percent ash. The average chemical composition of the embryo was 8.2 
percent starch, 10.8 percent sugar, 34.5 percent oil, 18.8 percent protein 
and 10.1 percent ash. 
Steward (33), in 1908, investigated the relative respiratory rates of 
seed parts of corn soaked in water approximately 28 hours. On a per seed 
basis, excised embryos respired three times faster than intact seed and 
six times faster than seed residues. Based on the composition reported by 
Earle et al. (6), excised embryos respire 25 times faster than whole 
kernels on an equal dry weight basis. Steward concluded that seed residue 
respiration was largely due to the aleurone layer, although he reported a 
measurable rate for endosperm tissue. 
In 1953 Throneberry (36) reported similar results while investigating 
enzymatic activity of rewet corn seeds. On an equal dry weight basis he 
reported the carbon dioxide evolution of excised embryos, bisected 
embryos and sliced, bisected embryos, as about 20 times that of whole 
seeds. He further reported the respiration of seeds with pericarp removed 
on the embryo side to be about 1.5 times that of whole seeds. Throneberry 
also concluded that a significant respiration from seed residues was not 
due to endosperm tissue but apparently other tissues in the seed residue. 
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The seed residue respired about one-third as fast as whole seeds. 
In 1965 Batholomew (4) reported on the effects of moisture content, 
temperature, oxygen and time on the respiration rate of shelled corn. 
Respiration rates were reported to increase exponentially with an increase 
in moisture over the range of 4 to 13 percent moisture. Seed moisture 
contents of about 2 percent and below showed respiration rates above 
those observed at 4 to 5 percent moisture. The higher rate at low 
moistures was attributed to seed injury or to chemical changes caused by 
prolonged drying in high vacuum at 50°C. Respiration of live seed 
approximately doubled with each 10°C rise in temperature. 
He also reported the following observations: 1) the effect of 
temperature on the respiration rate became less marked after long storage 
periods, 2) high levels of oxygen inhibited respiration after long 
periods of storage, 3) for short storage periods, respiration increased 
with an increase in oxygen concentration and 4) moisture had no effect on 
carbon dioxide evolution from dead, sterile seeds. 
Saul and Lind (26) reported on the biological activity of corn during 
drying as measured by carbon dioxide evolution, dry matter loss and mold 
counts. Direct measurement of the dry matter loss during drying was made 
with the use of split samples. From these studies they found a measured 
dry weight loss of 1.0 percent during drying corresponded to a total 
carbon dioxide evolution of about 15 grams of carbon dioxide per kilogram 
of dry matter. The calculation of the percentage dry matter loss 
corresponding to the evolution of 14.7 grams of carbon dioxide per kilo­
gram of dry matter is 1.0 percent on the basis of simple oxidation of 
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carbohydrates. Their data indicate the respiratory activity of grain 
might be considered as primarily the oxidation of carbohydrates. They 
also found a close correlation between mold counts and total carbon 
dioxide produced per kilogram of dry grain. 
In 1960 Saul (25) reported on the measurement of carbon dioxide 
produced by shelled corn during drying in adiabatic in-storage drying 
bins. Carbon dioxide concentrations measured by a Beckman infrared gas 
analyzer were converted to carbon dioxide production rates and were 
further reduced to rates of carbon dioxide production per kilogram of 
undried grain. He concluded that the respiration of the microflora 
associated with shelled corn is directly related to the average wet bulb 
temperature of the drying air, the moisture level of the corn and the 
amount of mechanically damaged corn. 
In 1963 Steele (31) reported on the deterioration of small aerated 
samples of field shelled corn as measured by carbon dioxide production. 
He developed laboratory equipment to duplicate the environmental condi­
tions of corn above the drying zone and to measure the carbon dioxide 
production of samples weighing about 200 grams. The laboratory size 
equipment permitted the investigation of several environmental conditions 
during the same harvesting season. 
The simultaneous investigation of samples held at fixed moisture and 
temperature conditions permitted an evaluation of the influence of time, 
temperature and grain moisture content on the production of carbon dioxide. 
Other factors influencing the carbon dioxide production were held constant. 
The data from samples held at constant conditions showed an increase in 
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rate of carbon dioxide production with time. Two methods of representing 
the data were presented: (1) a graphical representation of the time 
effect with a characteristic reference curve and with moisture content 
and temperature effects represented graphically as time multipliers and 
(2) a representation of the time effect with an algebraic linear plus 
exponential equation with moisture content and temperature effects 
represented by different values of the coefficients in the equation. The 
linear coefficient and the exponent coefficient were graphically repre­
sented as functions of moisture content and temperature. The first of 
these representations was a convenient and practical way of representing 
the data with the second method tending toward academic interest from the 
expectation that seed respiration is a linear function of time and that 
mold respiration is an exponential function of time. The evaluation of 
the coefficients involved in the second method was quite difficult and 
necessarily included the judgment of the investigator. 
The practice of mechanically harvesting high moisture shelled corn 
has prompted several investigators to examine the breakage of corn kernels 
resulting from mechanical actions. The definition of breakage or 
mechanical damage on a single kernel basis is not easily defined. Johnson 
et al. (17) observed the influence of kernel moisture content on crackage 
during field shelling by measuring that portion of grain samples which 
passed through a 12/64-inch round-hole screen. This screen is used as a 
basis for measuring the influence of crackage on the U.S. grade. Their 
results indicated an increasing rate of crackage with moisture content as 
moisture content increased. The effect of moisture content at harvest on 
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the amount of crackage appeared significant. 
Other investigators have visually separated all broken kernels and 
chips from whole kernels and used this as a measure of mechanical damage. 
Morrison (24) and Lamp (18) have expressed data in this manner. For a 
combine, Morrison indicated a linear relationship between visual crackage 
and kernel moisture content in the range of 16 to 26 percent moisture. 
Lamp indicated an increasing rate of visual crackage with moisture content 
as kernel moisture increased. 
Saul and Steele (27) reported on the relative costs of drying damaged 
and undamaged shelled corn. They defined mechanical damage as any rupture 
or break in the seed coat of the corn kernel and emphasized the difference 
between this definition and the broken kernel definition of the official 
grain standards. Based on carbon dioxide production they reported that 
field shelled corn (typically graded 25 to 30 percent damage by weight) 
of 28 percent moisture content deteriorates 2.0 to 2.5 times faster than 
hand shelled corn (typically graded 2 to 4 percent damage by weight) of 28 
percent moisture content when exposed to temperatures in the range of 
35°F-110°F. Based on carbon dioxide data from drying tests in model bins, 
field shelled corn would grade No. 2 by the official grain standards if 
dried before a 0.5 percent loss in dry matter was experienced, and hand 
shelled corn would grade No. 2 or better if dried before a 1.0 percent 
loss in dry matter was experienced. After combining these effects, they 
concluded that field shelled corn would experience a loss in quality about 
3.4 times faster than hand shelled or undamaged corn. 
DISCUSSION OF PROBLEM 
In view of the increasing need for food, the maintenance of quality 
of agricultural products is expected to receive and demand greater atten­
tion in the future. The mechanization and introduction of new methods of 
harvesting and processing of shelled corn have emphasized the need for 
quantitative definitions of quality and the rate of loss of quality. 
What is grain quality? Before grain quality can be discussed, at 
least two things must be specified. These are the particular grain in 
question (such as corn wheat, rice, etc.) and the ultimate use of the 
particular grain. The specification or selection of the grain in question 
is of no difficulty. The ultimate uses of grains are many in number and 
all of them could not be listed. Perhaps all of these uses could be 
classified into one of three main areas. Grain is used for its repro­
ductive capacities, as a source of raw material for the production of a 
variety of products and for its food value for both human and animal 
consumption. Grain is used primarily for its food value. Approximately 
80 percent of the corn crop is used for food. Approximately 15 percent 
is used by the processors. 
The seedsman, the processor and the feeder have an interest in 
preserving particular characteristics or properties of the grain. In 
addition everyone has an interest in preserving grain quality since the 
bulk product is food. It is the function of the researcher, the seedsman, 
the processor and the feeder to define as carefully as possible the 
properties of the grain which should be preserved. 
The seedsman is interested in preserving the germinative capacity of 
the grain. The thread of life may depend upon the presence of a single 
chemical compound or of several such compounds. Regardless of what it is, 
different seeds appear to possess different levels of potential germina­
ting or reproducing capacity. This reproductive capacity may disappear 
slowly or rapidly with time. 
The processor is interested in preserving the characteristics or 
properties of the grain which will permit the satisfactory completion of 
a particular process. Regardless of the property, desirable or undesir­
able, it may disappear or appear slowly or rapidly with time. 
The feeder is interested in preserving the feed value of grain. The 
base of feed value is dry matter. Many of its constituents (protein, 
carbohydrates, vitamins, etc.) are important feed values. Regardless of 
the constituent, it may disappear slowly or rapidly with time. Undesir­
able properties may appear or disappear with time. (For example - toxins) 
Grain properties (known and unknown) are grain qualities to either 
the seedsman, the processor or the feeder. They are however only 
properties of the grain itself and can only be preserved or cultured. 
Individual grain kernels react in accordance with their surroundings. 
The preservation of grain quality can be achieved by dictating the 
environment of the grain. 
There appears to be two basic needs in each of the three areas. One 
is the definitions of the properties in question and the other is how do 
these properties change with time under the influence of a particular 
environment. Given this information along with an adequate description 
of the present condition (mechanical damage level, infestation level. 
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history, etc.) of the grain, the basic question of what will the quality 
(the quantitative value of a specific or several properties) be if the 
grain is held for "t-hours" with "Z-initial condition" under 
"X-environment" could be answered. 
The simultaneous investigation of all known properties and their 
respective rates of change is not believed practical. However, carbon 
dioxide production may be related to the rate of change of many of these 
and could potentially serve as a common denominator or basis for coordina­
ting the results of many investigations. For example, if a change in the 
official grade of shelled corn were known to depend on the amount of 
carbon dioxide produced by the grain, then changes in the official grade 
of shelled corn could be related to drying and storage through knowledge 
of the relationships between carbon dioxide production and various drying 
and storage environments. 
The objectives of this study are based on the assumed existence of 
useful, quantitative relationships between carbon dioxide production and 
various grain properties related to quality. The establishment of a 
quantitative relation between carbon dioxide production from shelled corn 
and its environment is a logical first step. 
The environment of shelled corn held under steady conditions and in 
an atmosphere of air is adequately described by the moisture content of 
the grain and the dry bulb temperature of the surrounding air. The 
influence of temperature and moisture content on the production of carbon 
dioxide has been reported by Steele (31). These results were based on 
data collected in the fall of 1961. Since that time, similar data have 
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been collected each year through 1966. 
A review of these data permits a better understanding of the influ­
ence of time, temperature and grain moisture content on the production 
of carbon dioxide from samples of shelled corn held under constant condi 
tions. Inherent in each set of data is a particular level of mechanical 
damage. These different levels of damage permit an investigation of the 
influence of mechanical damage on carbon dioxide production. To aid in 
the interpretation of the effect of mechanical damage, the effect of 
various artificial damage treatments on the rate of carbon dioxide 
production is investigated. 
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OBJECTIVES 
Since carbon dioxide production may be used as an index of deteriora­
tion, the objectives are: 
1. To establish a quantitative relationship between carbon dioxide 
production from shelled corn and time, temperature and moisture 
content. 
2. To evaluate the influence of mechanical damage on the production 
of carbon dioxide from shelled corn. 
3. To relate character and intensity of mechanical damage to its 
effect on carbon dioxide production by observing field damaged 
corn, hand shelled corn and hand shelled corn artificially 
damaged by controlled skin breaks and bruises on selected 
portions of the kernels. 
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DESCRIPTION OF EQUIPMENT AND METHODS 
Steele (31) reported on the development of laboratory equipment to 
measure the production of carbon dioxide from small samples of shelled 
corn. Basically the same equipment has been used since 1961, although 
several modifications and improvements have been implemented. Most of 
the equipment changes were made before the 1962 and 1963 tests. 
One of the most important functions of the equipment is the duplica­
tion of the environmental conditions of grain above the drying zone. The 
condition of the air passing this grain can be described in terms of 
temperature and relative humidity. Under many conditions, the temperature 
encountered in the undried grain in a slow drying system is essentially 
the wet bulb temperature of the entering air. In an actual drier this 
temperature depends upon the moisture content of the undried grain and 
varies with the change of atmospheric conditions. In the laboratory 
studies the temperature, which corresponds to the temperature of the air 
and grain above the drying zone, is held constant. 
Water baths were used to establish a constant temperature of the 
grain samples and constant moisture content of the air passing through 
the samples. Six three-foot diameter baths were used to provide a range 
of temperatures. Temperature control in each bath was maintained with a 
mercury thermoregulator connected to an electric relay which either 
actuated a solenoid valve permitting secondary refrigerant to flow through 
cooling coils or energized a submersible electic heater. Agitators were 
installed in each tank to reduce temperature stratification within the 
bath. 
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Air temperature and relative humidity are the primary factors 
describing the environment of grain above a drying zone. The relative 
humidity of the air passing through the grain above the drying zone or 
of air required to hold grain at constant moisture content is related to 
the moisture content of the grain through equilibrium moisture relations 
as described by Henderson (9) and others. The relationship of equilibrium 
moisture content to temperature and relative humidity permits an estimate 
of the relative humidity required to maintain the moisture content of a 
sample of shelled corn. 
To hold aerated samples of shelled corn at a constant moisture 
content and temperature, the relative humidity of the air must be in 
equilibrium with the moisture content and temperature of the grain. 
Water and saturated salt solutions were used to condition the air to 
approximately equilibrium conditions. Air was continuously conditioned 
by passing it through either a salt solution or water contained in a glass 
column approximately 20 inches long by 2.5 inches in diameter. The 
columns were immersed in the water bath and equipped with a fritted glass 
filter at the bottom of the column to aid in forming the air into small 
babbles as it passed through the solution. Figure 1 is a schematic of 
this equipment and the carbon dioxide absorption system. 
The selection of the salts used in preparing the saturated salt 
solutions was based upon the equilibrium relationships of saturated salt 
solutions reported by Adams and Merz (1) and Wexler and Hasegawa (38) . A 
saturated salt solution that provides the desired relative humidity is 
not always available. In most cases a compromise between the equilibrium 
Figure 1. Schematic of laboratory equipment and carbon dioxide absorption system 
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relative humidity of shelled corn and that of a particular salt is 
necessary. A test of the performance of a particular salt is afforded by 
a comparison of the initial and final moisture content of a particular 
sample. 
The laboratory equipment must maintain a continuous supply of air 
sufficient to prevent any undesirable change in the proportions of carbon 
dioxide and oxygen as the air passes through the grain sample. The 
oxygen concentration in slow drying systems is generally not a limiting 
factor in the growth of microflora and is substantially maintained at a 
level near that of the atmosphere. Carbon dioxide concentrations of 7 to 
12 percent have been reported to be detrimental to the growth of micro­
organisms, therefore caution must be exercised to prevent the occurrence 
of this condition. 
Precise measurement of the airflow rate through each sample was not 
required, but some degree of control was necessary to maintain the desir­
able proportion of carbon dioxide and oxygen. The airflow rate through 
each sample was determined by the use of small flowmeters. In 1961 the 
airflow rate for all samples was 500 milliliters per minute or the 
equivalent of about 2 cfm per bushel. Flowmeters constructed of capillary 
tubing with a water manometer attached were used to monitor these flow 
rates. In subsequent years the flow rate through each sample was adjusted 
in accordance with the 1961 data to obtain approximately 0.03 percent con­
centration of carbon dioxide in the air stream as it passed through the 
sample. Airflow rates in the range of 10 to 500 milliliters per minute 
were required to satisfy this requirement depending upon the temperature. 
moisture content and condition of the grain for samples of 200-300 grams 
of shelled corn. Flowmeters constructed with various sizes of porous 
glass discs for flow resistance were used to monitor these lower flow 
rates. In addition to discs of various diameters, three different 
porosities may be used. Figure 2 illustrates the construction of these 
flowmeters and Figure 3 illustrates typical calibration curves for the 
various sizes of flowmeters. 
The equipment must also provide a method of measuring the amount of 
carbon dioxide produced by each sample. Any carbon dioxide present in the 
air entering the system was removed by absorption. In 1961 soda lime 
backed with a layer of Ascarite was used to remove this carbon dioxide. 
Ascarite is a granular composition of asbestos particles coated with a 
layer of sodium hydroxide and has a relatively high capacity for absorbing 
carbon dioxide. This method of removing the carbon dioxide from the 
entering air was not satisfactory. Since 1961, any carbon dioxide present 
in the entering air was removed by bubbling it through columns containing 
a 30 percent solution of potassium hydroxide. 
The carbon dioxide produced by each sample of shelled corn was 
absorbed from the air stream which passed through the sample. The carbon 
dioxide was absorbed in U-tubes filled with Ascarite. The Ascarite in 
each tube was backed with a drying agent, magnesium perchlorate, to absorb 
the water liberated in the chemical reaction as carbon dioxide was 
absorbed. The weight gain of each tube becomes the net absorption of 
carbon dioxide excluding any extraneous weight additions. Although the 
Ascarite changes color from light brown to gray as the absorption occurs. 
Figure 2. Flowmeter 3 
Figure 3. Flowmeter calibration curves for airflow 
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backing the first U-tube with a second Ascarite tube was desirable to 
prevent any loss of carbon dioxide produced by the sample. The first 
and second U-tubes were weighed individually for each sample on a Mettler 
type B5 analytical balance. 
To prevent the Ascarite and magnesium perchlorate in the carbon 
dioxide absorption tubes from absorbing moisture from the air stream, two 
drying agents were used to dry the air before it entered these U-tubes. 
Silica gel was used to remove the major portion of the water vapor and 
magnesium perchlorate was used as the final drying agent. 
In 1961 the U-tube containing the final drying agent, magnesium 
perchlorate, was connected to the first tube containing Ascarite with a 
piece of tygon tubing approximately 16 inches in length. Analysis of the 
1961 data indicated an error in these lesults. Further experimentation 
verified a slow gain in weight of the Ascarite tubes with no shelled corn 
in the system. The leak or error was determined as almost entirely the 
diffusion of water vapor from the atmosphere through the flexible tygon 
tubing used to connect the final drying agent U-tubes and the Ascarite 
U-tubes. Tests showed this error or leak ranged from 0.0002 to 0.0010 
grams per hour, and the best estimate of this leak was 0.0006 grams per 
hour for approximately 150 grams of dry matter. 
In 1962 and subsequent years this error was reduced considerably by 
close connecting the final drying agent U-tubes and the Ascarite U-tubes 
with polyethylene tubing instead of tygon tubing. This type of connection 
was observed to be as effective as close coupling with glass tubing. 
Before the 1963 tests, the rubber stoppered Ascarite U-tubes were replaced 
with glass stoppered U-tubes to prevent diffusion through the rubber 
stoppers. 
The sample containers used in 1961 were not completely satisfactory. 
In 1962 through 1966, new sample containers were used. Figure 4 illus­
trates this container. Glass tubing was cemented to 1% pint widemouth 
freezer jars for air intake and exhaust ports. In 1962 an epoxy cement 
was used and found to be unsatisfactory for extended exposure in a water 
bath at a temperature of 120°F. In 1963 and until 1966, dental cement 
was used. In 1966, Dow Corning silastic 732 was used on several sample 
jars and appeared superior to the previous methods. The flexibility of 
this material reduced the potential for breaking the jars or the air 
inlet and exhaust tubes. A. nylon mesh screen was used to fabricate a 
sample bag to aid in weighing, loading and unloading the samples. Since 
liquid water tends to collect in the bottom of the sample jars, electri­
cal conduit bushings were used as platforms to support the sample bag and 
aid in air distribution. 
The commercially available lids for these jars tend to decay quite 
rapidly when placed in water. To prevent this, the lids and upper portion 
of the jars were coated with paraffin just prior to placement in the water 
baths. 
A small heated air dryer was used to regenerate the drying agent, 
silica gel. Air temperatures of 220-250°F were used to regenerate the 
silica gel. A similar dryer was used to natural air dry grain for study 
at lower moistures. 
Many of the artificial damage treatments were made with relatively 
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common instruments. Single edge razor blades were used for all of the 
cuts and slices. Cuts have been defined as the cutting of the kernel 
into two parts, and slices are defined as cuts which pierce the seed 
coat. Straight pins were used to pierce the seed coat for the pinhole 
treatments. 
In 1965 the deformation tool shown in Figure 5 was constructed to 
deform kernels of various thickness by the same percentage. The 
apparatus consists of two smooth steel plates, one rigid and the other 
rotatable. A spacer was used to position the face plates before dropping 
several kernels between them. Each kernel drops until wedged between the 
plates when its maximum thickness is equal to the spacing between the 
plates. The spacer was removed and two adjustable stops terminated the 
rotation of the movable face. A micrometer depth gage was used to get 
the desired rotation. Depending upon the amount of deformation, about 8 
to 16 kernels could be deformed at the same time. 
Two rubber rollers were motorized to provide another damage treat­
ment. The rollers, shown in Figure 6, were spring loaded to permit a 
variable roller pressure setting. Some difficulty was experienced in 
getting the kernels to feed through the rollers, but it was not a serious 
problem. A discarded washing machine wringer was used in constructing 
this apparatus. 
A device for impacting single kernels of corn is shown in Figure 7. 
A dial indicator was used to provide a smooth guide for the ram. Because 
of friction, the indicator mechanism and spring loading on the ram was 
removed. A container was placed at the top of the ram to provide for the 
Figure 4. Sample container, jar, platform, bag and lid 
Figure 5. Deformation tool 
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Figure 6. Rubber rollers 
Figure 7. Impact tool 
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addition of weight as desired. The distance through which the ram drops 
could also be varied with a maximum drop of about one in:h. The bottom 
of the ram was threaded to permit the use of various shapes and sizes of 
tips. From left to right, the wedge tip, flat tip and round face tip are 
shown in Figure 8. The length of the wedge is 0.3 inch and the height is 
0.1 inch. It tapers from a width of 0.125 inch at the top to a width of 
about 0.021 inch at the bottom or leading edge. The diameter of the flat 
tip is 0.313 inch, and the diameter of the round face tip is 0.196 inch. 
In 1966 an additional device was used to damage corn kernels by 
compression. This device permitted the application of a known force on a 
single kernel or several kernels. The device is shown in Figure 9. The 
face plates of this device were covered with 1/8-inch thick gum rubber to 
accommodate the loading of several kernels of slightly different thickness 
at the same time. 
Figure 8. Tips for impact tool 
Figure 9. Force tool 
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DESCRIPTION OF TESTS AND TEST PROCEDURE 
The first tests on carbon dioxide production from small samples of 
shelled corn were initiated at harvest time during the fall of 1961. 
Tests with emphasis on different aspects of carbon dioxide production were 
conducted each year following 1961. During some years more than one 
aspect of carbon dioxide production was studied. This is explained in the 
following descriptions of the tests and supplemented by Tables 10 to 19 
(Appendix B) which outline the test conditions and the assigned sample 
numbers for each test. 
The variability of biological data and the possibility of losing 
samples because of equipment failure demand the observation of at least 
duplicate samples at each of the test conditions. Duplicate samples were 
observed in all studies with an exception occurring in 1964 when quadru­
plicate samples at each test condition were observed. 
The sample size in nearly all tests ranged between 200 and 300 grams 
of shelled corn. There were two exceptions. In 1965 the low moisture 
samples were increased in size to increase the amount of carbon dioxide 
produced per sample to obtain a more reliable measurement. The sample 
size was increased with decreasing moisture content in proportion to the 
estimated carbon dioxide production. The largest sample was about 2000 
grams for 13 percent hand shelled corn. The second exception was in the 
1965 and 1966 artificial damage tests. In these studies the time required 
to perform the artificial damage treatment became a significant factor. 
In 1965 the sample size for the artificial damage treatments was about 
200 grams. This is the equivalent of about 600 kernels of shelled corn or 
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1200 kernels for duplicate 200 gram samples. Depending upon the damage 
treatment, about 2% man-hours were required to artificially damage 1200 
kernels. In 1966 the sample size for the artificial damage tests was 
reduced to about 100 grams. 
The temperatures reported in Tables 10 to 19 were obtained by con­
trolling the temperature of a constant temperature water bath. The 
temperature of the grain samples and the temperature of the air passing 
through the samples were fixed by submerging the samples and the air con­
ditioning columns in the water bath. 
The various moisture treatments in Tables 10 to 19 were obtained by 
one of two methods. The moisture content reported is either the moisture 
content at harvest or is the moisture content of shelled corn natural air 
dried. The harvesting and natural air drying information are given in the 
footnotes of these tables. The moisture content reported in the tables is 
the moisture content of a sample of corn obtained at the time the carbon 
dioxide measurements were initiated. In most cases the moisture determi­
nation was made by placing duplicate 100 gram samples in a 103°C oven for 
72 hours. The final moisture content of each sample was determined by 
placing either the entire sample or a portion of the sample in the oven. 
Mechanical damage was determined for each test as the percent by 
weight of kernels with broken seed coats. All samples were graded at room 
moisture. In general, mechanical damage was determined by grading samples 
of the same lot of corn. An exception to this was in 1961 when each 
carbon dioxide sample was graded for mechanical damage after the carbon 
dioxide tests were terminated. 
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The airflow rate through each sample was controlled at a predetermined 
flowmeter setting. In 1961 all samples were aerated at a rate of 0.5 
liters per minute. For a 200 gram sample, this aeration rate is equiva­
lent to about 2 cubic feet per minute per bushel and was assumed to insure 
an adequate oxygen supply and no detrimental carbon dioxide concentration. 
In subsequent tests the airflow rate was adjusted to produce a carbon 
dioxide concentration of 0.03 percent in the air exhausting from each 
sample. The carbon dioxide production at the beginning of each test was 
estimated by previously collected data, and the airflow rate required by 
each sample to yield a 0.03 percent concentration was computed. When 
the tests were terminated, the exhaust concentration may have increased 
to about 0.10 percent if the airflow rate were maintained constant. 
Periodic observation and adjustment were required to maintain the desired 
airflow rate. 
The carbon dioxide absorption tubes were weighed periodically to 
measure the amount of carbon dioxide produced. In 1961 the tubes were 
weighed every 24 hours. In subsequent tests the tubes were weighed at 
equal time intervals to obtain about 15 observations on each sample for 
the duration of the test. However, an observation on each sample was 
recorded at least every 7 days. 
Most samples were allowed to respire until the carbon dioxide produced 
was equivalent to a 1.0 percent dry matter loss on the basis of oxidation 
of glucose. Some samples were allowed to deteriorate beyond the 1.0 per­
cent loss level, and some of the slow respiring samples failed to reach 
this level. 
In 1961 field shelled corn was obtained at 27.9 percent moisture 
content. Since the effect of moisture content, temperature and time was 
the primary objective, mechanical damage was held constant by natural air 
drying the corn to the lower moistures indicated in Table 10, Also indi­
cated in this table are the water bath temperatures, mechanical damage and 
the assigned sample numbers for the 1961 test conditions. 
In 1962 the temperature range and moisture range were extended to 
include higher temperatures and lower moistures. A second test was 
conducted in 1962 to investigate the effects of mechanical damage. The 
extremes of mechanical damage were investigated by comparing the field 
shelled corn with hand shelled corn of very little mechanical damage. 
Intermediate levels of mechanical damage were obtained by blending field 
shelled and hand shelled corn together. Tables 11 and 12 contain further 
information on these tests. 
All tests conducted in 1963 were on hand shelled corn. The test 
conditions are indicated in Table 13 for Test 1. The effect of moisture 
and temperature on carbon dioxide production from hand shelled corn was 
the objective of this study. Also in 1963, a preliminary study of 
artificial damage on hand shelled corn was conducted. The artificial 
damage treatment consisted of slicing one edge of hand shelled kernels 
midway between the crown and tip with a single edge razor blade. The 
slice was less than 1/16 inch deep in most cases. 
Tests 2 and 3 in 1963 were a study of the effect of sealed, low 
temperature storage on subsequent carbon dioxide production. For both of 
these tests some of the same corn used in Test 1 was stored in sealed jars 
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at 40-45°F for several hours before initiating the carbon dioxide observa­
tions. The corn was stored about 2000 hours for Test 2 and about 4400 
hours for Test 3. These tests are outlined in Tables 14 and 15. 
In 1964 the emphasis was placed on the relationship between corn 
quality and carbon dioxide production. In this study the laboratory 
carbon dioxide observations were conducted simultaneously with the treat­
ment of larger quantities of corn for nutritive studies on baby chicks. 
The laboratory studies are appropriate for inclusion in this review and 
the test conditions are shown in Table 16. Quadruplicate samples were 
observed in this test instead of the usual duplicate samples. The 26.1, 
25.6 and 21.4 percent moisture corn was obtained from the field by 
harvesting on different dates. The 15.0 percent moisture corn was 
obtained by natural air drying some of the 21.4 percent corn at the time 
of harvest. About 35 days after harvest, some of the 15.0 percent corn 
was rewet to 20.1 percent, and samples at both moistures were loaded for 
carbon dioxide observations. 
In 1965 another attempt was made to secure data at the lower mois­
tures. The tests were conducted with hand shelled and field shelled corn 
at one temperature, 65°F. Larger samples were used in these tests to 
obtain more reliable results. Unfortunately the lower moistures in Test 
1 were not matched correctly with the saturated salt solutions. In most 
cases the corn at 25 percent moisture and lower was matched with a salt 
solution prepared for corn about 3.0 percent lower in moisture content. 
Despite this difficulty, the data for Test 1 are included in this review 
and Test 2 was initiated later with properly matched salts. Test 2 was 
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similar to Test 1 but does not include samples at the higher moisture 
levels. The corn in Test 2 was from a different field. Table 17 and 
Table 18 contain information about these tests. 
In 1966 hand shelled and field shelled comparisons were conducted at 
three temperatures. These studies were conducted for use as a base for 
comparing the artificial damage studies conducted in 1966. 
Hand shelled corn was used for the artificial damage treatments. The 
corn was harvested, treated and placed in the water baths for observation 
as soon as possible after harvest. Some of the samples were loaded within 
a few hours. In 1965 all loading was completed within 24 hours after 
harvest. 
In 1966 most of the artificial damage samples were loaded within 24 
hours. The deformation and squeezed-in-vise treatments were loaded three 
days after harvest. All of the shelled corn was covered with a wet cloth 
and stored in a refrigerator at 40-45°F until treated and loaded. The 
field shelled damaged and undamaged samples were also prepared and loaded 
three days after harvest. 
In 1966 hand shelled corn was graded by size for the impac" and force 
loaded treatments in an effort to reduce the time required to perform the 
impact treatments and to provide kernels of more uniform thickness for the 
force treatments. Two screens were used to grade the hand shelled corn 
for these studies. A 20/64ths inch round hole screen was used to remove 
the small kernels. The kernels passing through this screen were collected 
and defined as small kernels. A screen with slots 3/16 by 3/4 inch was 
used to remove the round kernels from the corn which did not pass the 
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20/64ths inch round hole screen. Those kernels which did not pass through 
the slotted screen were collected and defined as round kernels. The 
remaining kernels were defined as graded hand shelled corn. 
Carbon dioxide production from samples of the graded hand shelled corn 
was observed to provide a base for the damage treatments in which graded 
hand shelled corn was used. Samples of the small and round kernels were 
also observed. 
In 1965 and 1966 carbon dioxide observations were made on samples in 
which each kernel was pierced in the same way with a pin. The kernels 
were pierced in two ways, in the embryo area and in the endosperm area. 
Figure 10 shows the position and effect of this piercing in the embryo 
area. Figure 11 shows the position and effect of piercing in the endo­
sperm area. 
Carbon dioxide observations were made in 1965 and 1966 on samples in 
which each kernel was cut in the same way. Cuts are defined as those 
treatments in which a kernel was cut into two parts. Both parts of the 
kernel were included in the sample. Three different kinds of cuts were 
studied, cut lengthwise, cut crosswise through the embryo and cut cross­
wise through the endosperm. Figures 12, 13 and 14 illustrate these 
treatments. 
Carbon dioxide measurements were made on samples in which each 
kernel was sliced the same way. Two kinds of slices were studied in 1965 
and 1966. The slice in the embryo area is illustrated by Figure 15 and 
was a deeper slice than the one on the endosperm area illustrated in 
Figure 16. 
Figure 10. Pinhole in embryo 
Figure 11. Pinhole in endosp 

Figure 12. Cut lengthwise 
Figure 13. Cut crosswise through embryo 
Figure 14. Cut crosswise through endosperm 

Figure 15. Slice on embryo 
Figurt 16. Slice on endosperm 
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In 1965 and 1966 carbon dioxide observations were made on samples in 
which each kernel was impacted in the same manner. In 1965 hand shelled 
corn was damaged by impact in two different ways. Figure 17 illustrates 
the effect of impact on the embryo with the round face tip. In this 
treatment each kernel absorbed approximately 0.6 inch-lb of energy. The 
kernels shown in Figure 17 have absorbed more or less than 0.6 inch-lb of 
energy. The kernels in the bottom row exemplify the effect of this amount 
of energy when the kernels are 25-28 percent moisture. However, due to 
the variability between kernels, some of the damaged kernels did have an 
appearance similar to those in the top row of Figure 17. The other impact 
treatment in 1965 was on the embryo with the wedge tip as shown in Figure 
18. The impact was, in most cases, sufficient to break the kernels open 
as shown in the upper right or lower left of Figure 18. In addition to 
these two damage treatments, other levels of energy, impact on the endo­
sperm with the round face tip and impact on the embryo tip were studied 
in 1966. The flat tip shown in Figure 8 was used for the embryo tip 
treatment. The kernels, standing vertically and embryo tip exposed toward 
the flat tip, absorbed about 1.0 inch-lb of energy. In most cases the 
result of this impact was deformation of the tip with a few kernels 
splitting longitudinally. 
Carbon dioxide measurements were made on samples in which each kernel 
was deformed by the same percentage. In 1965 hand shelled corn was 
damaged by deformation at three different levels, 8, 16 and 24 percent. 
The maximum depth or thickness of the kernels was momentarily decreased 
to these levels of deformation by compression. The selected levels of 
Figure 17. Impact with round face tip 
Figure 18. Impact with wedge tip 
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deformation for 1966 were 16, 32 and 48 percent. The highest level of 
deformation in 1966 resulted in a visual rupture of the seed coat of 
almost all kernels. 
In 1966 graded hand shelled corn was damaged by loading several 
kernels with a known force. A force of 180 pounds was applied to groups 
of 2, 3 and 6 kernels. The force was applied in a direction perpendicular 
to the length and width of the kernel. The force applied to each kernel 
was not necessarily the same. The thickness of the kernels vary, and the 
structural properties of individual kernels are not likely to be the same. 
In 1965 an attempt was made to bruise hand shelled corn rather than 
rupture or break the seed coat. Momentary compression of the kernels be­
tween two rubber rollers was investigated. The pressure between the 
spring loaded rollers could be varied by adjusting the spring force. 
Carbon dioxide measurements were made on samples in which each kernel was 
momentarily exposed to the roller pressure associated with the maximum 
spring force. Samples in which each kernel was exposed to the roller près 
sure associated with either 2/3 or 1/3 of the maximum spring force were 
also observed. 
In 1965 and 1966 the carbon dioxide production from damaged and un­
damaged kernels of field shelled corn was observed. To obtain these 
samples, field shelled corn was sorted in accordance with the definition 
of mechanical damage and the procedure for the determination of mechanical 
damage in a given lot of corn. 
In 1965 an attempt was made to alter the moid population on hand 
shelled corn by infestation or sterilization. Hand shelled corn and 
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finely ground soil were placed in a plastic bag and mixed thoroughly. 
Hand shelled corn cut lengthwise was treated in the same manner. As a 
sterilization treatment, samples of hand shelled corn were dipped in a 
5.25 percent solution of sodium hypochlorite, commercially available under 
the trade name, Clorox. The excess solution remaining on the kernels was 
removed by blotting with a cloth towel before initiating the carbon 
dioxide observations. 
In 1966 ears of corn were squeezed between the jaws of a conventional 
bench vise. The kernels in contact with the vise jaws were forced into 
the cob as the vise jaws were closed causing the ear to break into 
quarters. The kernels which were in contact with the vise jaws were 
removed from the cob by hand shelling and used for the squeezed-in-vise 
samples. 
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SUMMARY OF DATA 
Table 1 contains a typical set of recorded carbon dioxide observa­
tions from the 1961 data. The observations recorded were the weight of the 
two Ascarite tubes, the date and time of the observation and the sample 
number for which an observation was made. The replacement of the first 
Ascarite tube with the second one is also indicated in this table. The 
replacement of the first tube was a judgment decision after observing the 
gain in weight of the second tube. In later years, the carbon dioxide 
observations for all samples were obtained in the same manner but with 
slight modifications to facilitate preparation of the data for use on the 
computer. 
The data in this recorded form are not very useful. In the same 
table the duration of the test is presented along with the accumulation 
of the carbon dioxide produced by Sample 61-12. The procedure used in 
computing the accumulated carbon dioxide production was to include the 
weight gain of the second tube along with the weight gain of the first 
Ascarite tube. 
Associated with each sample is a given initial dry matter weight. 
For Sample 61-12 the initial dry matter was 148.75 grams as determined by 
the initial sample weight and the estimate of its initial moisture 
content. The production of carbon dioxide is assumed to be directly 
proportional to the dry matter present. For equal comparisons of carbon 
dioxide production with other samples some common weight or base of dry 
matter is essential. For this report a common base of one kilogram of 
dry matter was selected. Table 1 also shows the results after the 
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Table 1. Recorded and converted data for Sample 61-12 
Recorded data Converted data 
Date Time of Weight (gms) Duration CO2 CO2 
(1961) reading U-tube U-tube of test, 
hrs.-tnin no. 1 no. 2 hrs. gample D.M. Kg. D.M. 
10/13 21:00 76.3582 0.00 0.0000 0.00 
10/14 08:50 76.4392 74.9242 11.83 0.0810 0.54 
10/15 13:31 76.6062 74.9396 40.51 0.2634 1.77 
10/16 13:56 76.7617 74.9539 64.93 0.4332 2.91 
U-tube change 
10/16 13:56 74.9539 78.4833 
10/17 14:00 75.1295 78.4901 89.00 0.6156 4.14 
10/18 13:59 75.2703 78.5519 112.98 0.8182 5.50 
U-tube change 
10/18 13:59 78.5519 72.4086 
10/19 13:58 78.7799 72.4268 136.96 1.0644 7.15 
10/20 14:25 78.9271 72.5669 161.41 1.3517 9.08 
U-tube change 
10/20 14:25 72.5669 74.6484 
10/21 13:58 72.8476 74.6927 184.96 1.6767 11.27 
10/22 14:35 72.9179 75.0075 209.58 2.0618 13.86 
U-tube change 
10/22 14:35 75.0075 71.8126 
10/23 23:34 75.0651 71.9080 218.57 2.2148 14.88 
conversion of the accumulated carbon dioxide production to a common base 
of one kilogram of dry matter. For Sample 61-12 the conversion ratio is 
one kilogram divided by the initial dry weight or 6.72. In subsequent 
years the carbon dioxide observations were converted to an equal dry 
weight basis by computer and all results are reported on a per kilogram 
dry weight basis. 
Figure 19 is a plot of carbon dioxide production data from samples of 
four different moisture contents held at a temperature of 65°F. The data 
shown in this plot are tabulated in Table 2. The curves shown in Figure 
19 were not fitted by a rigorous procedure but were simply drawn through 
the data points. Note that each of the duplicate samples appears to 
maintain its own path of carbon dioxide production with time. With the 
exception of the 18.8 percent data in this figure, these curves are 
typical of all the carbon dioxide data. The similarity in shape of these 
curves encourage the subsequent summary and analysis of the data. 
Each curve in Figure 19 is a near multiple in time of any of the 
others. A multiplier on time may be defined to force the coincidence of 
these curves at a particular level of carbon dioxide production. Applica­
tion of these multipliers reflects each sample toward a common curve of 
carbon dioxide production with time. This reflection indicated a failure 
of some samples to exhibit the same basic expression of carbon dioxide 
production with time. However, the departure was small, and the estab­
lishment of a basic curve for carbon dioxide production with time was 
considered feasible. Any one of the curves in Figure 19, except the one 
at 18.8 percent moisture, illustrate the basic shape of a relation between 
Figure 19. Carbon dioxide production with time at 65 F 

carbon dioxide production and time. 
In view of the similarity of carbon dioxide production with time and 
the space required to report all of the data in the form shown in Table 2, 
all of the data have been summarized and are shown in Figures 39 to 49 
(Appendix C). Shown in these figures are the sample number, temperature 
of the water bath in which the sample was immersed, the initial and final 
moisture content of the sample, the mechanical damage in the sample and 
the time in hours for each sample to incur 0.1, 0.5 and 1.0 percent dry 
matter loss based on carbon dioxide production. The times were inter­
preted from plots similar to Figure 19 at carbon dioxide production levels 
of 1.47, 7.35 and 14.70 grams per kilogram of dry matter, which correspond 
to the 0.1, 0.5 and 1.0 percent dry matter loss levels. Although these 
times are limited to three in number for each sample, they permit an 
investigation of the relative effect of temperature, moisture content and 
mechanical damage and provide some insight into the departure of each 
sample from a basic expression of carbon dioxide production with time. 
Figure 50 and Figure 51 (Appendix C) contain essentially the same 
information for the artificial damage tests. A brief description of the 
damage treatment is given with each sample for identification. 
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Table 2. Carbon dioxide data from the 1961 tests at 65°F 
Time 
hrs 
CO2 Time 
hrs 
kg D.M. 
CO2 
gms 
kg D.M. 
Time 
hrs 
CO2 
_Sms_ 
Time 
hrs 
kg D.M. 
CO2 
kg D.M. 
28% moisture 25% moisture 
Sample 61-9 
0.00 0.00 
17.53 
46.25 
70.57 
94.69 
118.57 
1.08 
2 .81  
4.44 
6.46 
8.69 
142.62 11.24 
167.09 14.09 
178.51 15.48 
Sample 61-10 
0.00 0.00 
18.75 1.17 
47.43 3.18 
71.80 5.15 
95.92 7.45 
119.82 9.92 
143.84 12.84 
168.29 16.11 
179.24 17.65 
Sample 61-11 
0.00 0.00 
12.03 0.53 
40.75 1.60 
65.13 2.64 
89.21 3.82 
113.14 5.11 
137.15 6.61 
161.58 8.36 
185.18 10.29 
209.65 12.62 
218.60 13.56 
230.48 14.74 
Sample 61-12 
0.00 0.00 
11.83 0.54 
40.51 1.77 
64.93 2.91 
89.00 4.14 
112.98 5.50 
136.96 7.15 
161.41 9.08 
184.96 11.27 
209.58 13.86 
218.57 14.88 
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Table 2. (Continued) 
Time 
hrs 
00% 
Fi°is 
Time 
hrs 
kg D.M. 
CO2 
gms 
kg D.M. 
Time 
hrs 
CO2 
gms 
kg D.M. 
Time 
hrs 
CO2 
kg D.M. 
22% moisture 18% moisture 
Sample 61-13 
0.00 0.00 
23.45 
47.92 
71.95 
95.97 
119.92 
144.37 
167.92 
192.65 
216.05 
240.13 
263.48 
287.58 
0.58 
1.18 
1.84 
2.52 
3.38 
4.51 
5.77 
7.36 
9.06 
10.98 
12.79 
15.31 
Sample 61-14 
0.00 0.00 
23.52 0.58 
47.97 1.23 
71.99 1.94 
96.04 2.71 
120,04 3.62 
144.42 4.79 
167.95 6.11 
192.75 7.72 
210.10 9.38  
240.20 11.24 
263.57 13.05 
283.42 14.90 
Sample 61-15 
Data 
invalid 
due to 
leak in 
system 
Sample 61-16 
0.00 0.00 
116.67 1.27 
236.85 2.81 
356.25 4.77 
476.97 6.83 
598.54 8.40 
719.24 10.02 
840.26 11.51 
962.08 12.83 
1077.56 14.07 
1193.43 15.82 
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ANALYSIS 
The objective in analyzing these data is to establish a quantitative 
pattern of biological response as measured by carbon dioxide production 
with time, temperature, moisture content and mechanical damage. The 
effect of mechanical damage is of particular interest. 
Assuming the existence of a general relation between carbon dioxide 
production and all variables which influence carbon dioxide production, 
some information about the form of this general relation may be obtained 
by reviewing what may be termed expectations. If a general relation 
exists for all variables, a limited general relation for the variables 
investigated in this study also exists. The limited general relation for 
this study is a reduced form of the general relation for all variables. 
Inclusion of the variables not investigated as constants in the general 
relation should yield the limited general relation which is applicable 
to this study. Deriving this limited general relation from the data 
reported is the objective of this analysis. 
Further information about the form of the general relation can be 
obtained by reviewing expectations at the extremes of the independent 
variables investigated. Time, temperature, moisture content and 
mechanical damage may be examined in this manner. 
If moisture content, temperature and mechanical damage were held 
constant and time readings were extended indefinitely, the expectation of 
complete consumption of the carbohydrates indicates that eventually no 
more carbon dioxide would be produced. Withiu the range of this study a 
shortage of carbohydrates is not anticipated since approximately 1.0 
percent of the carbohydrates have been oxidized. Time may be extended in 
the other direction (negative values) and the carbon dioxide observations 
would be negative. The end point of this backward extrapolation is dif­
ficult to visualize, but it represents the carbon dioxide produced before 
the beginning of the test period and the time for the production of this 
carbon dioxide. 
Figure 20 graphically illustrates the expected independent effects 
of time, temperature, moisture content and mechanical damage. 
If time, moisture content and mechanical damage were held constant 
and the temperature level were permitted to increase without limit, the 
carbon dioxide production would be expected to peak at some temperature 
level and above that temperature level to fall to lower levels. If 
temperature were reduced to lower and lower levels, a low temperature at 
which no carbon dioxide is produced regardless of time and moisture 
content is expected. 
With time, temperature and mechanical damage constant and permitting 
moisture content to extend to extremely high values, successively higher 
moisture contents are expected to yield equal quantities of carbon dioxide. 
At some extremely low moisture content, the expectation is again no carbon 
dioxide production regardless of time, temperature and mechanical damage. 
If time, temperature and moisture content were held constant and 
mechanical damage permitted to extend to high values, successively higher 
levels of mechanical damage are expected to yield equal quantities of 
carbon dioxide. At some low level of mechanical damage, for example hand 
shelled corn, the production of substantially smaller quantities of carbon 
Figure 20. Expected carbon dioxide response 
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dioxide is expected. Intermediate levels of mechanical damage are expected 
to yield intermediate quantities of carbon dioxide as shown in Figure 20. 
Figure 20 also shows a particular combination of these independent 
effects which forms a carbon dioxide response surface. The carbon dioxide 
response surface is shown as a function of moisture and temperature at 
three levels of time and two levels of mechanical damage. Time increases 
from left to right and mechanical damage increases from top to bottom. 
The value of reviewing these expectations is in exposing the possible 
elimination of the independent effects, the two-way interactions and some 
of the three-way interactions for the variables, time, temperature, mois­
ture content and mechanical damage. These independent and interaction 
effects may be eliminated by first recognizing that if temperature is suf­
ficiently low to prohibit carbon dioxide production, a variation in time, 
moisture content or mechanical damage should not influence the carbon 
dioxide response; and secondly recognize that at the beginning of the test 
period the recorded carbon dioxide response is zero regardless of tempera­
ture, moisture content and mechanical damage. This reasoning indicates 
the coefficients of some of these effects are zero. There are other 
similar ways of establishing the data to be of total interaction form. 
Recognition of this characteristic reduces the total number of model 
equations considerably. The general algebraic expression of the relation­
ship is 
Y = 0 (T,M,D,t) (1) 
where Y = carbon dioxide production, grams per kilogram dry matter 
T = temperature level, °F 
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M = moisture content, percent wet basis 
D - mechanical damage, percent 
and t = duration of test, hours, 
A special case of Equation 1 is 
Y = 0^(T) X 02(M) X 03(D) X 04(t) (2) 
and is a potential representation of the data if some restrictions are 
placed on 0^, 02* 0^, and 0^. Caution must be exercised in defining these 
four functions to prevent the inclusion of the independent, the two-way 
interaction effects and some of the three-way interaction effects. For 
example, the definition of 0^, 0^ and 0^ may not include a constant term, 
but 0g may include a constant term. Equation 2 is a simple interaction 
form which does satisfy expectations if the functions are restricted. 
This assumed equation can be fitted to the data to determine if it is a 
satisfactory expression of the carbon dioxide response. 
If Equation 2 is appropriate for all values of time, temperature, 
moisture content and mechanical damage, the following equations may be 
written for two different values of each variable. 
Yi = X 02(M^) X 03(0^) X 0^(t^) (3) 
Yg = 01(T2) X 02(Mg) X 03(02) X 04(t2) (4) 
If t2 is arbitrarily selected such that '^2 ~ ^ 1' ratio of Equation 3 
to Equation 4 gives 
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0,(T ) 0 (M) 0(D) 0 (t ) 
1 = ——— X ——— X ——— X ' • (5) 
01(^ 2) 02(^ 2) 03(^ 2) 04(^ 2) 
By arbitrarily selecting T^, and as reference conditions, 
[01(1^)]/[0l(T^)] may be defined as the relative temperature deterioration 
rate (R^) , as the relative moisture deterioration rate 
(Rj^) and [(iS^) ] /^(T)2) ] as the relative mechanical damage deterioration 
rate (Rq). Equation 5 may be rewritten as 
*4(^1) 
For analysis the problem becomes one of determining R^ as a function 
of temperature, R^ as a function of moisture and R^ as a function of 
mechanical damage. Carbon dioxide production as a function of time may be 
eliminated from Equation 6 by considering only one level of carbon dioxide. 
In Equation 6, 0^^t^) becomes the time (tg) in hours for corn at the 
reference conditions to reach a selected level of carbon dioxide produc­
tion, and 0^(t2)becomes the estimated time (t^) in hours for a sample at 
any other conditions to reach the same level of carbon dioxide production. 
Equation 6 becomes 
t. = h (7) 
The value of t for a given level of carbon dioxide production or dry 
R 
matter loss may be determined from a plot of carbon dioxide production as 
a function of time for the reference conditions. The selection of a 
reference condition is arbitrary and the values of tg^ are unimportant in 
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the definition of the shape of the relative deterioration rate curves. 
The values assigned to t^ for use in the following analysis are 60, 237 
and 370 hours for the 0.1, 0.5 and 1.0 percent dry matter loss levels 
respectively. 
Several sets of data may be used to define R^, and R^. The 1961, 
1962 Test 1 and 2, 1963 Test 1, 2 and 3, 1964, 1965 Test 1 and 2, and the 
1966 data may be used for this purpose. Special consideration must be 
given to some of these data. The data collected in Test 2 and 3 of 1963 
may have an additional effect of long term cold storage. These data are 
not included in the development of the definition of R^, R^ and R^. The 
20.1 and 15.0 percent moisture tests of 1964 must be given special 
consideration since they experienced a holding and rewet treatment. In 
addition, some consideration should be given to a potential difference 
between corn natural air dried to a specific moisture content and corn 
harvested in the field at this moisture content. The 1963 and 1964 data 
provide an insight into this difference. 
The time for the production of 14.7 grams of carbon dioxide or the 
1.0 percent dry matter loss level was examined first. The inconsistency 
of several samples to conform with the general pattern of carbon dioxide 
response became readily apparent. Table 3 is a list of the samples by 
year and test which were observed to depart appreciably from the general 
pattern. In most cases this departure is related to a moisture content 
change while the samples were being observed for carbon dioxide production. 
The moisture content increased in some samples and decreased in others. 
For samples to lose moisture, the relative humidity of the air passing 
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Table 3. Samples omitted from analysis 
Year-test Samples omitted 
1961 21, 22 and all 18.8 percent moisture data 
1962-1 
1962-2 
9, 10, 41, 42, 71, 72, 84, 85, 86 
28, 81, 92 
1963-1 
1963-2 
1963-3 
3, 7, 8, 24, 36, 72, 85 
None 
8, 39, 40 
1964-1 
1964-2 
None 
29, 30, 31, 45, 46, 48, 73, 74, 75, 79, 89,  91 ,  92 
1965-1 
1965-2 
69, 74, 84, 95, 96 
2, 3, 4, 5, 6, 9, 10, 15, 16 
1966 None 
through the sample must have been lower than that required for equilibrium. 
A relative humidity higher than that for equilibrium could cause the 
samples to increase in moisture content. Since the sample jars were 
submersed in water, a broken jar or submerged air line would allow the jar 
to become filled with water. Tfhen this difficulty was observed, the 
samples were removed and the difficulty noted on the data sheet. A leak 
in the carbon dioxide absorption system is also the cause of some of these 
departures. An airflow leak ahead of the Ascarite tubes could allow the 
carbon dioxide produced by the sample to escape before absorption. The 
failure of the Ascarite to absorb the carbon dioxide is another potential 
leak. Nearly all of the samples listed in Table 3 have experienced one 
or more of these difficulties. These samples were excluded from the 
definition of and R^. Other samples experienced some of these 
difficulties but were not excluded since the carbon dioxide production 
data did not depart substantially from the general pattern. 
Tables 10 to 19 outline the test conditions for carbon dioxide 
observations on 534 samples. Of these samples, 87 failed to incur a 1.0 
percent dry matter loss due to equipment failure or termination. An addi­
tional 63 samples have been omitted as listed in Table 3. Of the remain­
ing 384 samples, 109 samples are from 1963 Tests 2 and 3. The remaining 
275 observations may be used to define R^, and R^. 
A graphical examination of the remaining data permits a definition 
of R^ and R^ at the 1.0 percent dry matter loss level. The time for the 
production of carbon dioxide is directly proportional to the reciprocal 
of a deterioration rate based on carbon dioxide production. An examina­
tion of these times permits a definition of the reciprocal of deteriora­
tion rate within a selected variable. Temperature is examined first at 
the 1.0 percent loss level. Figure 21 is a series of plots of the time 
for each sample to incur a 1,0 percent dry matter loss as a function of 
temperature. Within each plot, points of like symbol represent samples 
of the same initial moisture and the same level of mechanical damage. 
The vertical scale is inversely proportional to R^ and proportional to 
Mrj,, the relative temperature multiplier (M^ = 1.0/R^). 
The 1961 data were adjusted for an estimated leak in the carbon 
dioxide absorption system before plotting in Figure 21. The leak was 
estimated as 0.004 grams per kilogram of dry matter-hour. 
If (on a more suitable scale) a line is sketched through points of 
like symbol within each plot, the basic shape of a temperature multiplier 
Figure 21. Time to incur a 1.0 percent dry matter loss with temperature 
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curve as a function of temperature is observed. These sketched lines were 
expected to be parallel. However, a close examination of the data 
indicated the shape of the temperature multiplier curve was dependent upon 
the moisture content of the sample. Figure 22 is the result of the 
examination of these times and is a graphical representation of the 
temperature multiplier as a function of temperature. A reference tempera­
ture of 60°F was selected. 
The 1965 data provide a convenient starting place for the development 
of the moisture multiplier (M^ = 1.0/R^) since a wide range of moistures 
were studied in these tests. Figure 23 is a plot of the time in hours 
for each sample in 1965 to incur a 1.0 percent dry matter loss as a func­
tion of initial sample moisture content. Figure 24 is a collapse of 
these data by multiplication and includes composite points interpreted 
from the plots in Figure 21 at a temperature of 60*F. The solid line in 
Figure 24 is a graphical representation of the moisture multiplier as a 
function of moisture content. A reference moisture content of 25 percent 
was selected. 
The mechanical damage multiplier may be developed by procedures 
similar to those used for the development of the temperature and moisture 
multiplier. However, the development of the mechanical damage multiplier 
is confounded with other sources of variation, since in several tests 
only one level of mechanical damage was investigated in one harvest 
season. Some of the difference between sets of data at different levels 
of mechanical damage may be due to a year, variety or some other source 
of variation. The 1962 Test 2, 1965 Tests 1 and 2 and 1966 studies are 
Figure 22. Temperature multiplier as a function of temperature 
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most valuable in the development of the definition of the mechanical 
damage multiplier since each test includes more than one level of mechan­
ical damage. These tests were conducted during different seasons and 
exhibit differences which must be attributed to other sources of varia­
tion. Examinations of the data indicate the effect of other sources of 
variation may also be explained with the use of a multiplier. Lot 
multipliers have been defined in conjunction with the definition of a 
mechanical damage multiplier for each lot of corn listed in Table 4. 
The mechanical damage multiplier and lot multipliers were determined 
by the following procedure. A mechanical damage multiplier as a function 
of mechanical damage was arbitrarily defined for the 1.0 percent dry 
matter loss level. An estimate of the time for a sample to incur a 1.0 
percent dry matter loss was made using Equation 7, the temperature 
multiplier, the moisture multiplier and the assumed mechanical damage 
multiplier. The ratio of the observed time to the estimated time was 
computed for each sample. The lot multiplier was calculated as that 
value required to make the logarithmic mean of these ratios equal to one 
within each lot listed in Table 4. Using these values of the lot 
multiplier, the mechanical damage multiplier was estimated for each sample 
using the equation, 
M = 1 (8) 
° 'r ^  "L 
An equation of the form 
Mg = A e®° (9) 
Table 4. Lot multipliers 
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Lot Lot multiplier 
1961 0.70 
1962 Test 1 and 2 0.98 
1963 Test 1 (field dried) 
28.8% moisture 0.94 
25.3% moisture 1.11 
22.9% moisture 1.35 
18.8% moisture 1.58 
1963 Test 1 (natural air dried) 
22.9% moisture 0.84 
19.6% moisture 0.84 
1963 Test 1 (artificial damage) 0.97 
1964 (field dried) 
26.1% moisture 0.92 
25.6% moisture 1.11 
21.4% moisture 1.17 
1964 15.0% moisture 0.81 
20.1% moisture (rewet) 0.95 
1965 Test 1 0.87 
Test 2 1.53 
1966 0.99 
was fit by least squares to all of the data to provide a revised 
mechanical damage multiplier as a function of mechanical damage. This 
procedure was repeated until the coefficients A and B did not change. 
Table 4 contains the computed values of the lot multiplier for each 
lot of shelled corn. Figure 25 includes a plot of the estimated 
mechanical damage multiplier for each sample computed by Equation 8 and 
Figure 25. Multipliers and ratios of observed to estimated time with temperature, moisture 
and mechanical damage at the 1.0 percent dry matter loss level 
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the lot multipliers shown in Table 4. The equation obtained by regression 
is 
-0.0254 D 
Mjj = 2.17 e (10) 
which is the estimate of the mechanical damage multiplier as a function 
of mechanical damage for the 1.0 percent dry matter loss level. 
The distribution of and Mg with temperature, moisture and 
mechanical damage is shown in Figure 25 as a function of temperature, 
moisture and mechanical damage respectively. The temperature multiplier 
for each sample was computed by Equation 8 using the definitions of the 
moisture multiplier, mechanical damage multiplier and the lot multipliers 
given in Table 4. The moisture and mechanical damage multipliers were 
computed in a similar manner. The solid lines in the multiplier distribu­
tions are the definitions of the multipliers. Also in Figure 25 is the 
distribution of t/t. with each variable. The dotted lines in these 
1 
figures are one standard deviation from the mean of the logarithms of the 
t/t^ ratios. The mean is represented by the solid lines. 
If the effect of some variable other than those investigated is 
included in these data, the variable should be related to the lot multi­
pliers. If field dried corn responds differently from natural air dried 
corn, the lot multipliers should exemplify this effect. The moisture 
multiplier as shown in Figure 24 applies to natural air dried corn since 
the curve was developed primarily from this type of data. Therefore, the 
lot multipliers for field dried corn should depart from unity in a 
systematic pattern if this effect is significant. The 1963 and 1964 data 
are most appropriate for an examination of this pattern. Figure 26 is a 
Figure 26. Lot multipliers as related to harvest moisture content 
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plot of the lot multipliers with moisture content at harvest. A least 
squares regression through the 1963 and 1964 data, excluding the 15.0 and 
20.1 percent moisture content data in 1964, gives the solid line shown in 
Figure 26. This line could be interpreted as a harvest moisture multi­
plier, Mjj, and the departure of each point from this line would then be 
represented by new values of 
The departure of some of the points from this curve may be attributed 
to other treatments. The effect of the 1963 artificial damage treatment 
is readily apparent by the departure of this point from the line. The 
best estimate of the relative deterioration rate for this type of damage 
is 1.11/0.97 = 1.14. The 15.0 percent moisture point in 1964 represents 
only one sample at the 1.0 percent loss level. This point is essentially 
meaningless and does not allow a clear interpretation of the rewetting 
effect represented by the difference between the 15.0 and 20.1 percent 
moisture points in 1964. The departure of the 20.1 percent moisture 
point from the 21.4 percent moisture point in 1964 represents either one 
or both of two potential effects. An increase in deterioration may have 
resulted from the storage of the grain at 15.0 percent moisture or 
resulted from an effect of rewetting. 
The 1961 point in Figure 26 includes the estimated leak correction 
and still departs appreciably from the general pattern. No definite 
explanation of this departure is available. A leak substantially greater 
than that estimated is not suggested or supported by the data. Since 
mechanical damage counts are dependent upon judgment and subject to 
individual bias, the mechanical damage reported for 1961 may have been 
93 
determined on a different basis. Mechanical damage counts for corn 
harvested at about 28 percent moisture content in subsequent years have 
been about 30 percent by weight. This is substantially greater than the 
19.6 percent mechanical damage reported for 1961 and lends support to 
suspicion of the mechanical damage determination in 1961. An increase in 
mechanical damage from 19.1 to 30.0 percent would account for the 
departure of the 1961 data as shown in Figure 26. 
The departure of the 1965 Test 1 data is in the direction of the 
expected effect of the mismatched salt solutions. The 1965 Test 2 also 
departs appreciably in Figure 26, and no definite reason for this 
departure is afforded in the knowledge of the test or test conditions. 
With the establishment of the temperature, moisture, mechanical 
damage and lot multipliers at the 1.0 percent dry matter loss level, an 
investigation of the 0.1 and 0.5 percent levels becomes one of examining 
for a departure from these established multipliers. Plots of the data at 
these levels indicated no significant change in the temperature and 
moisture multipliers, but a shift in the mechanical damage multiplier was 
observed, particularly at the 0.1 percent level. Using the temperature, 
moisture and lot multipliers in Table 4, Mg at the 0.1 and 0.5 percent 
loss levels was computed in accordance with Equation 8 for each sample, 
and Equation 9 was again fit by least squares to the values of M^. 
Figures 27 and 28 show the results of these regressions on mechanical 
damage at each level of dry matter loss. Also shown in these figures are 
the distributions of and with temperature and moisture. The mean, 
standard deviation and distributions of t/t^ with each variable are also 
Figure 27. Multipliers and ratios of observed to estimated time with temperature, moisture 
and mechanical damage at the 0.5 percent dry matter loss level 
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presented in these figures. 
In 1963 Tests 2 and 3, hand shelled corn was stored in sealed jars in 
a refrigerator at 40-45°F for about 2000 and 4400 hours respectively 
before loading and observing the carbon dioxide production from samples 
of this corn. The effect of this storage may be established by comparing 
the results of Tests 2 and 3 with those of Test 1. One method of quanti­
fying this comparison is to use the developed temperature, moisture and 
mechanical damage multipliers to compute a t/t^ ratio for each sample in 
Tests 2 and 3 and observe any patterns of departure from unity in these 
ratios. A visual observation of a plot of these ratios with temperature 
and moisture indicated a general lessening of the relative effect of 
temperature with increasing storage time at all levels of dry matter loss 
and no change in the relative effect of moisture with increasing storage 
BT 
time. To quantify this observation the equation, t/t^ = Ae , was fitted 
by least squares to the t/t^ ratios. A similar regression was made on the 
t/ti ratios as a function of moisture. The results of these regressions 
on the 1963 Tests 1, 2 and 3 data are indicated by the values of the 
intercept A and slope B as tabulated in Tables 5 and 6. The value of A 
depends upon the value of the lot multiplier, and the magnitude and direc­
tion of the slope of the line indicate the failure of the temperature or 
moisture multiplier to adequately represent the relative effect of temper­
ature or moisture if the slope is not zero. A reduction in the relative 
effect of a variable is required when the trend of t/t^ with that variable 
is positive. 
At the 1.0 percent dry matter loss level the trend of t/t^ with 
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Table 5. Regression coefficients 
for the 1963 data 
on the ratios of t/t. with temperature 
Dry matter loss 
0.1% 0. ,5% 1.0% 
Test A B A B A B 
1 1.87 -0.0091 1.29 -0.0034 1.07 -0.0008 
2 0.70 0.0028 0.67 0.0040 0.65 0.0049 
3 0.58 0.0061 0.63 0.0063 0.41 0.0105 
Table 6. Regression coefficients 
for the 1963 data 
on the ratios of t/ti with moisture 
Dry matter loss 
0.1% 0. 5% 1.0% 
Test A B A B A B 
1 11.85 -0.1100 3.03 -0.0481 1.26 -0.0097 
2 8.42 -0.0948 2.20 -0.0353 1.28 -0.0104 
3 0.38 -0.0416 1.19 -0.0088 1.19 -0.0070 
moisture is very small and nearly the same for all three tests. These 
regressions at this level do not indicate any change in the relative 
effect of moisture with storage time. The trend of t/t^ with temperature 
at this level indicates the effect of storage on carbon dioxide production 
as related to temperature. The effect of this trend may be introduced 
into the estimate of the time required to incur a 1.0 percent dry matter 
loss as a multiplier, îij,'. The effect of this multiplier may be considered 
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as a shift of the temperature multiplier curve. To include this effect 
the equation for the time estimate becomes 
t^ = t^ X X X Hp X X (11) 
For Test 2 and a storage time of 2000 hours, Mp' = 0.65 e0.0049T^ 
For Test 3 and a storage time of 4400 hours, Hp' = 0.41 e^-OlOST^ Using 
Equation 11 and the lot multipliers of Table 7, the time estimates and 
the ratios of t/t^ were computed for each sample. The distribution of 
these ratios with temperature and moisture are shown in Figures 29 and 30 
for the 1.0 percent level. Also shown in these figures are estimates of 
Mp X Mp' for each sample using Equation 11, the definition of 1*1^^ and 
and the tabulated lot multipliers. The moisture multiplier for each 
sample was estimated in a similar manner using the definitions of Hj, and 
M^'. They are shown in Figures 29 and 30 as a function of moisture. The 
solid lines in these figures represent the defined product of and 
and the defined moisture multiplier, 
The lot multipliers of Table 7 may be compared with those for 1963 
Test 1 in Table 4. A comparison of these multipliers indicates an 
increased respiration rate due to storage. Test 2 and Test 3 respired 
about 1.39 times faster than Test 1 and was accompanied by a reduction in 
the relative temperature effect. 
For the 0.1 and 0.5 percent loss levels the temperature effect was 
reduced in approximately the same way as at the 1.0 percent level. The 
increasing moisture effect with successively lower levels of dry matter 
loss may be observed in the tabulated regression coefficients of Table 6. 
Figure 29. Multipliers and ratios of observed to estimated time with 
temperature and moisture for 1963 Test 2 at the 1.0 
percent dry matter loss level 
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Figure 30. Multipliers and ratios of observed to estimated time with 
temperature and moisture for 1963 Test 3 at the 1.0 
percent dry matter loss level 
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Table 7. Lot multipliers for 1963 Tests 2 and 3 
Lot Lot 
multiplier 
1963 Test 2 (field dried) 
30.6% moisture 0.64 
25.6% moisture 0.88 
22.6% moisture 0.83 
18.4% moisture 1.12 
(natural air dried) 
22.6% moisture 0.64 
20.1% moisture 0.64 
1963 Test 3 (field dried) 
30.8% moisture 0.79 
25.4% moisture 0.92 
22.6% moisture 0.79 
18.5% moisture 1.13 
(natural air dried) 
22.9% moisture 0.63 
19.3% moisture 0.63 
A similar trend may be observed in the plots of t/t^ with moisture in 
Figures 25, 27 and 28. This trend is not attributed to low temperature 
storage since it is also observed in data from shelled corn which was not 
stored at low temperature. 
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DISCUSSION OF RESULTS 
The definitions of the temperature and moisture multipliers are more 
firm than the definition of the mechanical damage multiplier because of the 
data from which they were developed. The development of the mechanical 
damage multiplier was in many cases confounded with other sources of 
variation. 
The departure of the temperature multiplier from a single line 
represents a temperature by moisture interaction. This interaction could 
have been represented in another way. The temperature and the moisture 
multiplier could have been combined and represented as a family of curves 
on a single plot. The definition of this combined multiplier could have 
been developed from the data instead of Figures 22 and 24. 
Representation of this temperature by moisture interaction as shown 
in Figure 22 may lend itself to a particular explanation of the source of 
this interaction. All the carbon dioxide observations presumably repre­
sent the combined effect of seed respiration and mold respiration. The 
effect of temperature on each of these sources may not be the same. 
Temperatures in the range of 120-140°F are lethal for many microorganisms. 
For corn at 28 percent moisture the mold respiration is expected to 
represent a substantial portion of the total respiration and the curvature 
of the temperature multiplier curve for 28 percent moisture could repre­
sent the effects of approaching the lethal temperature range for several 
of the microorganisms. The failure of lower moisture grain to exhibit 
this lethal effect at the higher temperatures indicates a continued stimu­
lation of seed respiration in this temperature range and suggests that 
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mold respiration is nut a major part of the total respiration from corn 
at 19 percent moisture and below. These suggestions are speculative and 
are not subject to further verification in this study. 
The moisture multiplier is well defined in the range of 19 to 28 
percent moisture. A limited amount of data was available outside this 
range of moisture. The measurement of carbon dioxide production by 
samples of shelled corn below 19 percent moisture is also more difficult 
because of the lower respiration rates. At the 0.1 percent dry matter 
loss level, a slight trend is observed in the plot of t/t^ with moisture 
content. This slight trend indicates a greater effect of moisture at 
this level of carbon dioxide production. 
Even though the development of the mechanical damage multiplier was 
in many cases confounded with other sources of variation, the effect of 
mechanical damage is well established. In 1962, 1965 and 1966 both hand 
shelled and field shelled corn was observed. A relative deterioration 
rate of 2 to 3 times was observed in these tests. The development of the 
mechanical damage multiplier includes these data and is supported by data 
from other tests in conjunction with the tabulated lot multipliers. 
Representation of the mechanical damage multiplier with Equation 9, 
which is a single term exponential, does not agree with expectations when 
mechanical damage is allowed to increase to high levels. At high levels 
of mechanical damage the mechanical damage multiplier would be expected 
to approach a minimum value. The data did not appear to exhibit this 
property in the range of observed levels of mechanical damage. Since a 
minimum mechanical damage multiplier was not observed in the data, the 
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exponential equation was used to represent the effect of mechanical damage 
on carbon dioxide production. The equations suggested by the data should 
not be extrapolated beyond the levels of mechanical damage observed in 
this study. 
The regression coefficients for the mechanical damage multiplier at 
the 0.5 and 1.0 percent dry matter loss levels are substantially the same. 
The mechanical damage multiplier at the 0.1 percent dry matter loss level 
indicates a lesser effect of mechanical damage in this early stage of 
observation. 
Other tests conducted in 1966 indicate no significant difference in 
carbon dioxide production a few hours after harvest between hand shelled 
and field shelled corn. These observations were in the range of zero to 
0.03 percent dry matter loss. The tests were conducted at 55°F and 
included several varieties and a wide range of moistures at harvest. 
These tests and the mechanical damage multiplier for 0.1 percent dry 
matter loss appear to be in line with one another. 
The temperature, moisture, mechanical damage and lot multipliers 
explain a substantial portion of the variation in the observed times to 
incur a specified dry matter loss. These times vary, depending upon the 
conditions, by as much as 100-fold. The t/t^ plots in Figures 25, 27 and 
28 indicate how well or how poorly the proposed model and the defined 
multipliers represent the data. The means and standard deviations shown 
in these figures and tabulated in Table S were computed on the natural 
logarithms of the ratios of actual time to estimated time for each sample 
to incur a given dry matter loss. 
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The values of these means suggest adjusting the selected values of 
t^ in the equation used to compute t^ since the expected value of the mean 
would be 1.0 and the logarithm of the mean would be zero. Adjusting the 
values of t^ to 58, 230 and 356 hours for the 0.1, 0.5 and 1.0 percent 
dry matter loss levels respectively would provide over all means of 1.0 
if new values of t/t were computed. This adjustment of the t^ values 
1 K 
would not alter the magnitude of the standard deviation of the natural 
logarithms of the t/t^ ratios. 
The standard error associated with observations on samples treated 
alike is less than 12.5, 11.2 and 10.7 percent based on the logarithmic 
mean of the observed times to incur a dry matter loss of 0.1, 0.5 and 1.0 
percent respectively. 
Table 8. Mean and standard deviation of the natural logarithms of the 
t/t^ ratios 
Dry matter loss 
0.1% 0.5% 1.0% 
Mean -0.0290 -0.0302 -0.0368 
Standard deviation 0.4270 0.2903 0.2698 
The lot multipliers of Figure 26 indicate an apparent effect of 
natural air drying on the production of carbon dioxide from shelled corn. 
In the conduct of these tests, natural air drying was considered essential 
since field harvesting at lower moistures also produces a variation in 
mechanical damage. Consequently, the moisture multiplier of Figure 24 
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was developed primarily from carbon dioxide observations on shelled corn 
which was harvested at 26 to 33 percent moisture and natural air dried to 
lower moistures. 
The moisture multiplier as shown in Figure 24 includes the effect of 
this natural air drying treatment, A moisture multiplier which does not 
include this effect is preferable for practical application of the results. 
Figure 26 suggests an adjustment to the moisture multiplier of Figure 24 
to obtain an adjusted moisture multiplier which does not include a natural 
air drying effect. The regression in Figure 26 may be represented by 
= 3.94 e The product of and at each level of moisture 
is the best estimate of the adjusted moisture multiplier. The adjusted 
moisture multiplier would be appropriate for estimating the time required 
for shelled corn at constant conditions to incur a given dry matter loss 
at harvest moisture. 
The reduced temperature effect in the 1963 Tests 2 and 3 data may be 
due to a change in the structure of the mold population. The storage at 
low temperature may have permitted molds which flourish at low tempera­
tures to become well established before the carbon dioxide observations 
were initiated. Bartholomew (4) reported a similar observation on the 
reduction of the temperature effect after storage. 
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ARTIFICIAL DAMAGE ANALYSIS 
The quantitative effect of the artificial damage treatments on grain 
deterioration may be established by comparing the time required for an 
artificially damaged sample to incur a specified dry matter loss to the 
time required for a sample of undamaged or hand shelled corn to incur the 
same level of dry matter loss. In 1965 hand shelled corn at 65°F and 27.8 
percent moisture required 68.5, 270.0 and 420.0 hours to incur a 0.1, 0.5 
and 1.0 percent dry matter loss respectively. The ratio of these times 
to the time for each of the 1965 artificial damage samples to incur these 
levels of dry matter loss is shown in Figure 31. 
In 1966 the artificial damage treatments were observed at various 
temperatures and moistures as shown in Figure 51 (Appendix C). To compare 
the damage treatments conducted in 1966, the observed time for each sample 
was adjusted to a common temperature and moisture content. A common 
temperature and moisture of 65°F and 27.8 percent was purposely selected 
to prepare for a comparison of the 1965 and 1966 artificial damage results. 
The temperature and moisture multipliers shown in Figures 22 and 24 were 
used for this adjustment. For example, Sample 39 in 1966 was observed at 
a temperature of 74°F and an initial moisture of 25.4 percent. The 
temperature and moisture multipliers corresponding to these conditions are 
0.516 and 0.939 respectively. The temperature and moisture multipliers 
for 65°F and 27.8 percent are 0.837 and 0.695 respectively. The adjusted 
time for Sample 39 is the observed time multiplied by (0.837/0.516) x 
(0,695/0.939) = 1.20 or 364 x 1.20 = 437 hours at the 1.0 percent dry 
matter loss level. The adjusted times for each sample are shown in 
RATIO OF TIME 
FOR HAMiJ S HcLLFO 
T I. M P E1-', - T 0 TU I CIJ N' 
ATURE MUiSTUiin^x'w, _A_UKY_NiIIiil_LU5^_QF__ 
OAhAGt: T I: FA l!:[ ,\1 S F l'F G F INITIAL FINAL 0.1% U.5t 1.0% 
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CUT Xw I SL THKll HMi.RYO 3 65 . 0 27. 8 24. 8 2.2 8 1.97 2 . 47 
CUT XWISF: THRU FNCKYO 4 65 .0 27. 8 25 . 0 2.28 2.5 5 2 . 82 
CUT XV.'ISF TUiU) FNUOSPE RN b 65 .0 27. 8 26. 6 2.08 1 .74 1 . 89 
CUT XIV I S f- T MRU L N U 0 SPCR 6 65 .0 27. 8 2 5. Q 1 . 96 1.64 1. 01 
F.S. UNDAMAGED KERNELS 7 65 .0 27. 8 26. 7 2.28 2.08 1. 3 6 
F . S . U N D A N A G t; 0 K E1-'. N E L S 8 65 .0 27. 8 26. 2 1 . 60 1.93 1 . 7 5 
F.S. DAXACED KERNELS 9 65 .0 27. 8 41 . 2 2.85 5.40 5. 92 
F.S. DAMA G EH Kl l'NE LS .10 6 5 . 0 2 1 .  P. 2 4 . 8 1 .90 3. 14 3 . 3 3 
I iXRACT .VEDGE ( RI EK FN OP ENi ) 1 1 65 . 0 27. P, 25. 8 2.63 2.16 2 . 4 4 
IMPACT WECGE { E H t J K  EN OPEN) 12 65 . 0 27. 8 25 . 2 3. 11 2.3 5 2 . 6V 
INF;-ST WITH SOIE 1 7 6 5 . 0 27. R  23 . 2 2.36 1.55 0. 9 m 
INFEST WITH SOIL IS 65 . (J 27. 8 24. ]. 2.36 1.6 7 1. 1 4 
CUT I.ENGTHWISE INF W/SCIL 19 6 5 .0 27. P 25. 0 2.4 5 2.78 3 . 18 
CUT LENGTHWISE INr W/SGIL 2 0 6 5 .0 27. 8 25. 3  1 .37 2.55 3 . 0 0  
SIERILIZE WITH CLUROX 25 6 5 . 0 27. 8 32 . 9  2.45 1.80 2 . 00 
STERILIZE V.ITH CLORGX 26 65 .0 27. 8 1 8 . /, 2.21 1. 20 0. 58 
SLICE ON EMiARYO 29 65 . 0 27. 8 2 6, . 2 1 . 85 2.03 2 . 4 0 
SLICE ON [y,!l,<YO 30 65 .0 27. B 37 . 8 1.8 5 3.37 4 . OA 
SLICE ON ENDOSPrpM 31 65 .0 27 . 8 24 . 8 2.0 1 1.3 5 1 . 14 
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P I,V '1 ,E E li, E-llîRYO 41 6 5 .0 27. 8 23 . 9 2.85 1.42 1 . 7 5 
p I Ni E;I E  I N E M R E Y E :  42 6 5 .0 27. 8 24. 8 2.85 2.00 2 . 10 
Figure 31. Relative deterioration rates for the 1965 artificial damage treatments 
DAMAGL- 1 R  F  ATM ENT S AM PL E 
TEMPER 
A T U R F  
DE G F 
PINIICILE IN FN nnSt'F.RH 41 65. 0  
PINHOLF IN FNOnSPl-R M 4 4 65. 0  
1 ) E  F O R M  A T  I  U N  - 24% 49 65. 0  
OF FOP'', AT I U N  - 24% 5 0  6 5 .  0  
d e f o r m a t i o n  - •  16% 5 1  6.^ . 0  
DEFORMATION - 16% 52 65, 0  
DEFOR'-'.ATION - 0 %  5 3 65. 0  
DEFORMATION - fi'>: 54 65. n 
ROLLER MAX PRE s SUR [ y  •  5  9  65. 0  
ROLLER MAX PR!." S SUR f- 6 0  65. r. 
ROLLER 2/i MAX PRE SSURE 61 6  5  c  0 
KOLLFR 2/3 MAX P R 1 S SURI. 6 2 6 5  c  0  
ROLLER 1/7, MAX PRF S SU IE 6  3  65. 0  
ROLLER 1/3 MAX PR E S SUR F 64 6  5  D  
Figure 31. (Continued) 
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FOR Wr.HD SHl l.I. r:n 
in TIME TO INCUR 
_A_nRY_M.4TI.[Q_Lny.q_rjF._ 
INITIAL FINAL C.1% 0.5% 1.0" 
27.9 25.5 2.21 1 .55 ]  0  50 
27.8 2 5.5 2. 20 1.55 ]  c  50 
27. n 25.2 2.14 1 . 4<^ 1 .20 
27.8 26.n 1.90 1 .69 1 . 5 8 
27. n 25.5 1 .06 ] .61 1 . 34 
CO
 
25.0 2.08 ] . 5 5 1. 24 
2 7. n 23.2 ]  .  8 5  1. 3n ]. 0  ^  n 
27.8 24.6 1 .()6 1 . 5 0  1 0  2 ^  
27. n 22.0 2. 14 1 o  50 1 c  10 
2 7. r, 24.0 2.21 ] .65 1.31 
27. n 26.2 2.14 1 o  65 1.40 
CO
 
26.5 2.0 8 1  0  5 0  1. 23 
2 7. 2 2.3 2. I ]  »  5 / ^  ] 0  14 
27. n in.fi 2.0^ 1,42 n.4 5 
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Figure 32. 
Some of the artificial damage treatments in 1966 were made on hand 
shelled corn and others were made on graded hand shelled corn. Six samples 
of hand shelled corn without damage were observed in 1966. All six of 
these samples failed to reach the 1.0 percent dry matter loss level 
without difficulty. Most of these samples failed because of a moisture 
change during observation. Therefore, the times required for hand shelled 
corn to incur 0.1, 0.5 and 1.0 percent dry matter loss were assumed to be 
the same as those for 1965. 
The relative deterioration rates for the 1966 data were computed and 
compared to the results of 1965. When the relative deterioration rates 
for samples of the same artificial damage treatment were compared, the 
1966 rates at the 1.0 percent loss level were observed to be low by a 
factor of 1.3. The relative deterioration rates were computed using this 
factor at each dry matter loss level. This results in assuming times of 
89, 352 and 545 hours as a base for computing the relative deterioration 
rates of the artificial damage treatments on hand shelled corn in 1966. 
The relative deterioration rates for the damage treatments on graded hand 
shelled corn were computed using times of 118, 470 and 725 hours at 65°F 
and 27.8 percent moisture as a base. The resulting relative deterioration 
rates for the 1966 artificial damage treatments are tabulated in Figure 
33. 
In 1965 field shelled corn of 41.0 percent mechanical damage was 
observed. A plot of these data at the 1.0 percent dry matter loss level 
is shown in Figure 23. The time required for field shelled corn held at 
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IMPACT Ff'B'iVO 0.7^ IN "LB lA 65. 0 2 9.1 24.2 22.8 14 5.6 2 36.6 
I i T'AGT FMDOSPFRM 0 c 7 5 I N-•LP ]. 65.0 29. 1 I 9 » 4 ? I 301 . 7 28. 1 
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Figure 32. Adjusted times for the 1966 artificial damage treatments to incur a 0.1, 0. ,5 and 
1.0 percent dry matter loss 
DAMAGE TRl-AïnENÏ 
TI-MPHR 
AT LIRE 
S AN'PL E DE G L 
SL IC(3 ON EMBRYO 31 64c 0 
SL I CE EIN EMBRYO 3,^  64 o 0 
F.S . DAMAGED KERNELS 3 9 74. 0 
r. s o DAMAGED KERNELS AC 74 e 0 
F.S . UNDAMAGED ICE.'^MFLS 41 74 c 0 
F . s UNDAMAGED KERNELS h 7. 74 0 0 
Il 0 s c GRADED KERNELS 4 3 74. 0 
H n s c GRADED KERNELS 44 74 0 0 
1 1 0 S c- ROUND KERNELS 4 '3 74 c n 
U.S., ROUND KERNEL S 4 6 74 o 0 
H c S r. SMALL KERNELS 3^) 74 . 0 
n 0 S c SMALL KERNELS /. 7 74 , 0 
SI. ICF ON EIJDnSPERM 4 9 66. 
SL T CE [JiJ FNDOS^^ERM 50 6 6 V 0 
PiNHùLE IN E'-;iV";vn 'U 66 , fl 
p INIIOL F IN E.-iE, :'VU 52 6 6 o 0 
PiNEini.E IN ENnnsprn:-; 53 66 o 0 
PINHHLE IN ENDOSPERM 5 4 6 6 V 0 
S(X)EE /ED IN VISE 55 6 o p. 
SOUEEZ ED IN VI SE 5 6 66 0 p, 
DEE OU MAI I ON - /, n:' 5^ 6 6 o 0 
DEE OR MATIO'J - /!'!'< 60 61 o 0 
DEE Oil -AT I ON - 32% 61 66 c 0 
DEE on. M AT ION - 3?q: 6? • 66 0 0 
DEEOK •••ATI ON I6M 6 3 6 6 o 0 
DEEO!^ !'ATION - 16M 6 A 66 c r> 
Figure 32. (Continued) 
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TEMPER­
ATURE 
DAMAGE TREATMENT SAMPLE DEG F 
RATIO OF TIMF 
FOR HAND SHELLED TO 
ADJUSTED TIME TO INCUR 
_ A _DRY_MAII£R_LDSS_DE_ 
INITIAL FINAL 0.1% 0.5% 1.0% 
FORCE LOADED 2,1)180 LB 5 65.0 29. 1 35.0 6.96 4.90 5.38 
FORCE LOADED 23180 LB 6 65. 0 29. I 24. 1 6. 14 4.57 4.41 
FORCE LOADED 33180 LB 7 65.0 2 9.1 25.3 6.52 4.33 3.55 
FORCE LOADED 33180 LB 8 65.0 29.1 27.9 6. 14 4.33 3.95 
FORCE LOADED 63100 LB 9 65.0 29. 1 20.8 3.60 1.79 1. 23 
FORCE LOADED 63180 LB 10 65.0 29.1 20.3 3.48 1.87 1.66 
IMPACT EMBRYO 0.59 IN -LB 11 65.0 29. 1 25.1 2.05 2.84 2.96 
IMPACT EMBRYO 0.5 9 IN-LB ] 2 65.0 29.1 26.2 5.22 3.74 3. 52 
IMPACT EMBRYO 0.7 5 IN-LB 13 65.0 29.1 26.0 2.37 2.42 2. 84 
IMPACT EMBRYO 0.75 IN-LB 14 65. 0 29.1 24.2 5.22 3.2] 3.08 
IMPACT ENDOSPERM 0 .75 IN-LB 15 65. 0 2 9.1 1 9.4 3.48 1.55 1.00 
IMPACT ENDOSPERM 0 .75 IN-LB 16 65. 0 29.1 23.0 3.60 1. 87 1. 62 
IMPACT ENDOSPERM 1 .08 IN-LB 17 64.0 29. 1 27.0 3.23 2.12 1.85 
IMPACT ENDOSPERM 1 .08 IN-LB 18 64 o 0 29.1 26.9 2.81 1.97 1,73 
IMPACT WEDGE 0.67 IN-LB 19 64.0 29.1 29.0 6.46 3.33 3.06 
IMPACT WEDGE 0.67 IN-LI) 20 64 . 0 29.1 29.1 6. 10 2.35 2. 37 
IMPACT WEDGE 1.00 IN-LB 21 64.0 29.1 29.2 5.49 4.55 4 , 52 
IMPACT WEDGE 1.00 IN-LB 22 64. 0 29.1 29 .0 5.78 4.5 5 4. 40 
IMPACT EMBRYO TIP 23 64 . 0 29.1 29.2 5.49 3.86 3.06 
IMPACT EMBRYO TIP 24 64. 0 29.1 5.23 3. 20 3.00 
CUT XWISE TIIRU ENDOSPERM 25 64. 0 29. 1 26.8 2.67 1.95 1. 94 
CUT XWISE THRU ENDOSPERM 2 6 64. 0 28.1 26.2 2.27 1.79 J .85 
CUT XWISE THRU EMBRYO 27 64.0 28. 1 28.0 3. 37 2.87 3. 10 
CUT XWISE THRU EMBRYO 28 ' 64. 0 28.1 28.2 3.64 2.87 3.06 
CUT LENGTHWISE 29 64.0 28.1 28.2 4. 13 3.32 3. 28 
CUT LENGTHWISE 30 64 0 0 2 8.1 28.7 4.13 3.32 3. 28 
Figure 33. Relative deterioration rates for the 1966 artificial damage treatments 
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Figure 33. (Continued) 
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a temperature of 65°F, 41 percent mechanical damage and 27.8 percent 
moisture to incur a 1.0 percent dry matter loss may be interpolated from 
the data in this plot. The time required for this corn to incur 0.5 and 
0.1 percent dry matter loss was determined in a similar manner. The 
results of these interpolations are shown in Table 9 as observed times. 
In 1966 field shelled corn of 31 percent mechanical damage was observed 
at 65°F and 25.7 percent moisture. The time required for this corn to 
incur 0.1, 0.5 and 1.0 percent dry matter loss is also shown in Table 9 
as observed data. 
Table 9. Observed and adjusted times for field shelled corn in 1965 and 
1966 to incur 0.1, 0.5 and 1.0 percent dry matter loss 
Tempera- Mois­ Mechanical Time in hours to 
Data ture ture damage incur • a dry matter loss of 
"F % % 0.1% 0.5% 1.0% 
1965 
Observed 65 27.8 41 35 100 140 
Adjusted 65 27.8 31 40 125 180 
1966 
Observed 65 25.7 31 42 180 270 
Adjusted 65 27.8 31 32 135 202 
For equal comparison these data must be adjusted to common reference 
condition. A common base of 65°F and 27.8 percent muisture was selected 
since the other artificial damage data have been adjusted to these condi­
tions. A common base of 31 percent mechanical damage was selected since 
the 1966 data were observed at this level of mechanical damage and is a 
typical result of field harvesting at 28 to 30 percent moisture. The 
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adjusted times of Table 9 were determined with the use of the moisture 
multiplier and the mechanical damage multiplier as defined by the regres­
sion equation for each level of dry matter loss. 
The relative deterioration rates for field shelled corn were 
determined by the adjusted times in Table 9 and the corresponding times 
for hand shelled corn at each level of dry matter loss. These relative 
deterioration rates are included in the following representations of the 
artificial damage studies. 
The relative deterioration rates computed at the 1.0 percent dry 
matter loss level for 1965 and 1966 are represented by the bar graph in 
Figure 34 for comparison. A relative deterioration rate of 1.0 repre­
sents hand shelled corn which required 420 hours in 1965 and 545 hours in 
1966 to incur a 1.0 percent dry matter loss. The failure of the relative 
deterioration rate for the duplicate samples to be the same is also shown. 
The length of the bars represents the deterioration rate of the damage 
treatment as compared to undamaged corn. Bars extending to the right of 
the base line represent an increase in deterioration rate and bars 
extending to the left represent a decrease in deterioration rate. The 
relative effect of any two damage treatments may be compared by observing 
the magnitude of the difference in length of the two bars. 
A visual comparison of the relative effect of the same damage treat­
ment in two different years is also afforded in this plot. 
Figures 35 and 36 were prepared in a similar manner for the 0.5 and 
0.1 percent dry matter loss levels. 
The results of the artificial damage by deformation exhibit a pattern 
Figure 34. Relative deterioration rates with artificial damage 
treatments for 1965 and 1966 at the 1.0 percent dry 
matter loss level 
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Figure 35. Relative deterioration rates with artificial damage 
treatments for 1965 and 1966 at the 0.5 percent dry 
matter loss level 
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Figure 36. Relative deterioration rates with artificial damage 
treatments for 1965 and 1966 at the 0.1 percent dry 
matter loss level 
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of increasing deterioration rate with deformation. Figure 37 is a plot 
of the relative deterioration rates at the 1,0 percent dry matter loss 
level with percent deformation. The regression line in this figure was 
forced through a relative deterioration rate of 1.0 at zero deformation 
and the slope determined by least squares. The equation of the line is 
0.208DEF , 
= e (12) 
The relative deterioration rates of kernels subjected to a known 
force also exhibit a systematic pattern. Figure 38 is a plot of these 
rates with average kernel load. The regression line as determined by 
least squares is 
8, = 3.39 in(L /20) (13) 
L 
This equation must be restricted since expectations do not allow this 
equation to extend below 9^ = 1.0. The dotted line indicates the expected 
extension of this line in the region of 0^ = 1.0. 
Figure 37. Relative deterioration rate with deformation 
Figure 38. Relative deterioration rate with average kernel load 
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DISCUSSION OF ARTIFICIAL DAMAGE RESULTS 
The results of the artificial damage studies are expected to be sub­
stantially the same if conducted at conditions other than those included 
in this study. The temperature and moisture multipliers tend to support 
this expectation. However, the shift in the mechanical damage multiplier 
with level of dry matter loss indicates a different interpretation of the 
artificial damage treatments may arise if a very low level of dry matter 
loss or carbon dioxide production were selected for a comparison of the 
treatments. 
If this is evident, Figures 34, 35 and 36 would indicate some charac­
teristic pattern. A close observation of these figures indicates two 
rather general effects. Substantially less difference between treatments 
and different levels of the same treatment is observed at the 0.1 percent 
dry matter loss level. The 0.5 and 1.0 percent dry matter loss levels 
exhibit very nearly the same magnitude and patterns of relative deteriora­
tion rate with the artificial damage treatments. These observations are 
in agreement with the shift of the mechanical damage multiplier with level 
of dry matter loss. 
Another observation is that the relative deterioration rates at 0.1 
percent dry matter loss are usually higher than those at the other levels 
of dry matter loss. This could be a result of the choice of the time for 
hand shelled corn to incur a 0.1 percent dry matter loss as related to 
the time to incur a 0.5 and 1.0 percent dry matter loss. The time for 
hand shelled corn to incur 0,1 and 0.5 percent dry matter loss was 
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determined in accordance with the carbon dioxide production curve as a 
function of time after the time to incur a one percent dry matter loss 
was estimated. The selected shape of the carbon dioxide production 
curve as a function of time may not be the best one for the artificial 
damage studies. Carbon dioxide production as a function of time appears 
to be more linear with time in these studies. 
A different carbon dioxide production curve as related to time could 
have been selected for the artificial damage studies. However, the 
interpretation of the results would not change except for the tendency 
of all the artificial damage treatments to indicate a high relative 
deterioration rate at the 0.1 percent dry matter loss level. Continuance 
with the same basic carbon dioxide production curve as related to time 
was expected to be less confusing and just as useful. 
The remainder of this discussion is confined to the 0.5 and 1.0 
percent dry matter loss levels. These two levels provide essentially the 
same results and interpretations. The consideration of moisture changes 
during the test period aids in drawing some of the following conclusions. 
The tests conducted on graded, round, and small kernels of hand 
shelled corn are of considerable interest. Hand shelled corn may be 
considered as composed of kernels which do not respire in the same way. 
These results, which have been corrected to a common moisture and tempera' 
ture, are indicative of the variation that might be expected between hand 
shelled kernels. The graded kernels appear to respire somewhat less per 
unit of dry weight than the round or small kernels. This suggests the 
embryo tissue is a larger percentage of the total dry matter in round and 
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small kernels. 
The rate of carbon dioxide production is substantially increased 
when the embryo tissue is damaged. In general, the rate of carbon dioxide 
production is nearly doubled when the same treatment is applied to embryo 
as to the endosperm. The cuts through embryo and endosperm tissue, the 
slices on the embryo and endosperm tissue and the impact treatments 
applied to the embryo and endosperm tissue all support this observation. 
The squeezed-in-vise results do not permit any conclusion about this 
type of damage. Both samples lost considerable moisture sometime during 
the test period. However, the impact on the embryo tip may suggest the 
result of this type of damage if the embryo tip is severely deformed. 
Sterilization of hand shelled corn with a 5.25 percent solution of 
sodium hypochlorite was also not conclusive. One of the samples gained 
moisture during the test period and the other lost moisture. 
Carbon dioxide production from hand shelled corn cut lengthwise was 
not affected by mixing with soil. The hand shelled corn dusted with soil 
lost moisture during the test period, therefore, no definite conclusion 
can be drawn about this treatment. 
The trend of increasing relative deterioration rate T^ith deformation 
indicates no sharp break in carbon dioxide production fronT'shelled corn 
damaged slightly and corn that has been damaged severely. The 48 percent 
deformation treatment was sufficient to break every kernel open and the 
8 percent deformation did not impart to the kernels any visual crackage. 
However, the trend of increasing relative deterioration rate with 
increasing kernel force indicated by extrapolation a load of about 27 
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pounds could be applied to each kernel before any increase in the relative 
deterioration rate would be observed. These two trends appear to be 
contradicting each other since a kernel cannot withstand a force without 
deformation. This apparent contradiction may be partially explained in 
the methods of deforming the kernels and applying a known force to the 
kernels. 
The deformation tool consisted of rigid flat plates and would tend 
to establish a point contact with each kernel. The face plates of the 
device used to apply a known force to each of several kernels was covered 
with gum rubber and would tend to distribute the force over the kernel 
surface area. A distributed force of 27 pounds may not have been suffi­
cient to cause internal injury to the seed or rupture the seed coat. 
The artificial damage treatment with rubber rollers did not appear 
to rupture the seed coat and various levels of roller pressure did not 
greatly increase the relative deterioration rate of hand shelled corn. 
Since the increase in relative deterioration rate with an increase in 
roller pressure is smaller than the difference between duplicate samples, 
no trend can be established. The small increase in respiration rate is 
apparently due to internal injury of the seed. 
With the results of these artificial damage treatments some interest­
ing comparisons bast^ on carbon dioxide production may be made with field 
shelled corn. In both years field shelled corn was graded visually as 
damaged and undamaged. Samples of the damaged and undamaged kernels were 
observed for carbon dioxide production. The results of these observations 
are shown in Figures 35, 36 and 37. In addition the results of observa-
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tions on typical field shelled corn are shown in these figures. The field 
shelled corn has been adjusted to a reference of 31 percent mechanical 
damage. 
The relative effect of the damage imparted to corn kernels by field 
shelling may be equated to any one of several artificial damage treatments 
or combinations of artificial damage treatments. For example, field 
shelled corn of 31 percent mechanical damage is approximately equivalent 
to a sample of corn in which each of the kernels has been cut crosswise 
through the embryo, sliced on the embryo, broken open by impact with a 
wedge or deformed by 32 percent. A sample of corn composed of kernels 
cut crosswise through the embryo or broken open by impact with a wedge 
presents an unfavorable appearance. 
Corn kernels and pieces of corn kernels graded as mechanically 
damaged by field shelling are estimated to have a relative deterioration 
rate of about 3.5 after consideration of the moisture changes during 
observation. The damaged kernels from field shelled corn are approximate­
ly equivalent to samples in which each kernel has been cut lengthwise, 
impacted with a wedge at 1.0 inch-pound of energy, impacted on the embryo 
with 0.60 to 0.75 inch-pound of energy, impacted on the embryo tip with 
1.0 inch-pound of energy or subjected to a force of 60 pounds. 
Even though kernels of field shelled corn were visually graded as 
undamaged, they exhibited a relative deterioration rate twice that of hand 
shelled corn. The deterioration rate of kernels of field shelled corn 
graded as undamaged is approximately equivalent to that of samples in 
which each kernel has been cut crosswise through the endosperm, sliced on 
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the endosperm, pierced in the embryo with a pin, impacted on the endo­
sperm with 1.0 inch-pound of energy or deformed by 24 percent. 
Samples composed of a mixture of several types of artificial damage 
may be determined from these results as equivalent to the field shelling 
of corn. Use of the data in this manner requires the assumption that 
kernels damaged in one way do not interact with kernels damaged in some 
other way. One simple mixture would be 31 percent of the sample equiva­
lent to damaged field shelled corn and the remainder equivalent to 
undamaged field shelled corn. Samples equivalent to other levels of 
mechanical damage may be proportioned in a similar manner. 
The results of the artificial damage studies apply primarily to two 
areas, the design or improvement of field shellers and the development of 
better techniques for evaluating mechanical damage. For design or 
improvement of field machines, the data suggest not only a reduction in 
visual mechanical damage but also a reduction in bruises or damage without 
skin breakage. 
The artificial damage results provide a basis for evaluating the 
relative effect of certain types of damage or shelling methods on grain 
deterioration. Presumably, corn kernels cannot be mechanically removed 
from the cob without damage, but the effect of this damage may be reduced 
by better machine design or shelling methods. Shelling methods which 
reduce or eliminate seed coat breakage, particularly in the embryo area, 
would be desirable. The data also suggest the endosperm area as a 
preferable location for the application of shelling actions. 
The artificial damage results also illustrate the inadequacy of 
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visual observations for evaluating the influence of mechanical damage on 
grain deterioration. For example, kernels cut crosswise through the 
endosperm, kernels cut crosswise through the embryo and kernels cut 
lengthwise all deteriorate by carbon dioxide production at different rates. 
These types of damage would be classified equally in visual observations 
for mechanical damage, and the relative importance of damage in the 
endosperm area to damage in the embryo area is not represented. 
Visual observations also fail to adequately represent damage which 
did not break the seed coat. A relative deterioration rate of 2.0 for 
kernels of field shelled corn graded as undamaged exemplifies this 
failure. These results suggest carbon dioxide production would be a 
better index of grain damage than visual observations. 
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SUMMARY AND CONCLUSIONS 
The suggested quantitative relation explains a substantial portion 
of the variation in the observed times to incur a specified dry matter 
loss. The definitions of the temperature and moisture multipliers are 
more firm than the definition of the mechanical damage multiplier. The 
lot multipliers in Table 4 suggest the magnitude of variation related to 
other sources. The harvest moisture multiplier, which is a consequence 
of natural air drying to obtain lower moistures at the same level of 
mechanical damage, is suggested as a partial explanation of the lot 
multipliers. The best estimate of a moisture multiplier appropriate for 
carbon dioxide observations at harvest moisture is equivalent to the 
product of the harvest moisture multiplier and the moisture multiplier as 
shown in Figure 24. 
Differences between years, varieties, locations, soil types and 
fertilities, planting dates, harvest dates and harvesting machines are a 
few other potential sources of lot variation. In view of the departures 
of the lot multipliers from the regression line in Figure 26, none of these 
sources of variation are expected to be as important in the production of 
carbon dioxide as temperature, moisture content and mechanical damage. 
The temperature, moisture and mechanical damage multipliers and the 
equation 
t^  = tj^  X M;j X X Mjj - (13) 
establish a quantitative relationship between the time for shelled corn 
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at the reference conditions and the time for shelled corn at any other 
conditions to incur the same dry matter loss. The suggested values of tg^ 
are 58, 230 and 356 hours for 0.1, 0.5 and 1.0 percent dry matter loss 
respectively. At the 1.0 percent dry matter loss level the standard error 
of estimate is approximately 25 percent when this relationship and the lot 
multipliers of Table 4 are reflected on the data reported in this study. 
The empirical equations used to represent the temperature, moifture 
and mechanical damage multipliers are given in Appendix D. 
The reduction in the effect of mechanical damage at low levels of 
dry matter loss was also observed in the artificial damage data, and sub­
sequent observations in the range of zero to 0.03 percent dry matter loss 
indicated no difference in carbon dioxide production from hand shelled 
and field shelled corn. 
The effect of sealed storage at low temperatures is principally an 
increase in total respiration and a reduced temperature effect. The 
reduction in temperature effect was more pronounced with longer storage 
periods. 
The temperature, moisture and mechanical damage multipliers and 
Equation 13 may be used to estimate permissible drying time for shelled 
corn. For most applications should be adjusted for harvest moisture. 
The inclusion of as another multiplier in Equation 13 provides this 
adjustment. For estimating permissible drying time, tj^ depends upon the 
level of acceptable dry matter loss. Saul and Steele (27) have suggested 
a relation between permissible dry matter loss for No. 2 corn and 
mechanical damage. Intermediate values of tj^ for acceptable dry matter 
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loss may be interpolated from a plot of dry matter loss with the values 
of tj^ suggested with Equation 13. 
On the basis of oxidation of carbohydrates, the heat of respiration 
from shelled corn at various conditions may also be estimated. The 
production of 1.0 gram of carbon dioxide results in the evolution of 
approximately 10.2 Btu. 
The artificial damage results are expected to be substantially the 
same if conducted at other moistures and temperatures. The observation 
of less difference between treatments at the 0.1 percent dry matter loss 
level was in agreement with the reduced effect of mechanical damage at 
this level of dry matter loss. 
The tests conducted on graded, round and small kernels of hand 
shelled corn indicate the variation between kernels of hand shelled corn. 
The rate of carbon dioxide production is substantially increased when 
damage involves the embryo tissue. The increasing relative deterioration 
rate with deformation indicates no discontinuity in the production of 
carbon dioxide from shelled corn damaged slightly or severely. 
The relative effect of the damage imparted to corn kernels by field 
shelling may be equated to any one of several artificial damage treatments. 
Damaged kernels and parts of kernels from field shelled corn deteriorate 
about 3.5 times faster than hand shelled corn. Kernels of field shelled 
corn graded as undamaged exhibit a deterioration rate 2.0 times that of 
hand shelled corn. 
The artificial damage results illustrate the inherent failure of 
visual observations to express the relative severity of various types of 
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damage. This suggests the use of carbon dioxide production as an index 
of mechanical damage in shelled corn. The use of carbon dioxide observa­
tions as a method of evaluating the performance or design of a field 
machine is also suggested. 
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SUGGESTIONS FOR FUTURE TESTS 
Some suggestions for future tests using carbon dioxide production 
include the following: 
1. Modification of the. equipment to prevent loss of airflow and sub­
stantial moisture changes during observation. 
2. Verification of the apparent effect of natural air drying shelled 
corn on carbon dioxide production. 
3. Refinement of the definition of mechanical damage and the procedures 
for estimating the amount of mechanical damage in a given lot of 
corn. 
4. Develop a relatively rapid technique for evaluating the performance 
of a field machine in terms of carbon dioxide production. 
5. Establish relationships between mechanical damage or carbon dioxide 
production and the structural properties of the cob and kernel and 
harvesting machine characteristics. 
6. Investigate relationships between carbon dioxide production and 
various aspects of grain quality. 
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APPENDIX A: DEFINITIONS 
D ~ mechanical damage, percent 
DEF - deformation, percent 
D.M. - dry matter 
FA - average force applied to each kernel 
F.S. - field shelled 
HM - harvest moisture, percent wet basis 
H.S. - hand shelled 
M - moisture content, percent wet basis 
% - mechanical damage multiplier 
- moisture content, percent dry basis 
MR - harvest moisture multiplier 
- lot multiplier 
% - moisture multiplier 
î'ij - temperature multiplier 
-
reduction in temperature effect due to cold storage 
t - duration of test, hours 
4 - estimated time, hours 
-
time at the reference conditions, hours 
T - temperature, °F 
Y - carbon dioxide production, grams per kilogram of dry matter 
158 
APPENDIX B: ORGANIZATION OF TESTS AND TEST CONDITIONS 
Table 10. Assigned sample numbers for 1961 
Moisture Mechanical 
content damage Temperature, °F 
7oW.b. % 35 45 55 65 75 85 
27.9* 19.6 25 1 33 9 41 17 
26 2 34 10 42 18 
25.0®^ 19.6 27 3 35 11 43 19 
28 4 36 12 44 20 
ab 
22.7 19.6 29 5 37 13 45 21 
30 6 38 14 46 22 
18.8 19.6 31 7 39 15 47 23 
32 8 40 16 48 24 
^Field shelled with a combine at 27.9% moisture content on Oct. 
13, 1961. 
^Natural air dried to the indicated moisture content. 
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Table 11. Assigned sample numbers for 1962 Test 1 
Moisture Mechanical 
content damage Temperature, °F 
%w. b. % 35 50 65 80 95 110 
26.9* 28.7 81 65 49 33 17 1 
82 66 50 34 18 2 
25.4*^  28.7 83 67 51 35 19 3 
84 68 52 36 20 4 
22.2*^  28.7 85 69 53 37 21 5 
86 70 54 38 22 6 
18.9*b 28.7 87 71 55 39 23 7 
88 72 56 40 24 8 
16.9*b 28.7 89 73 57 41 25 9 
90 74 58 42 26 10 
^Field shelled with a combine at 26.9% moisture content on Nov. 1, 
1962. 
^Natural air dried to the indicated moisture content. 
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Table 12. Assigned sample numbers for 1962 Test 2 
Moisture Mechanical 
content damage Temperature, °F 
%w. b. % 35 50 65 80 95 110 
26.9* 28.7 81 65 49 33 17 1 
82 66 50 34 18 2 
27. of 19.1 91 75 59 43 27 11 
92 76 60 44 28 12 
26.7^ 9.6 93 77 61 45 29 13 
94 78 62 46 30 14 
26.4^ 2.0 95 79 63 47 31 15 
96 80 64 48 32 16 
*Field shelled with a combine at 26.9% moisture content on Nov. 1, 
1962. 
^By weight, 2/3 field shelled , 1/3 hand shelled, 
^By weight, 1/3 field shelled, 2/3 hand shelled. 
^Hand picked and hand shelled corn from the same field as the corn 
described in footnote a on Nov. 1, 1962. 
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Table 13. Assigned sample numbers for 1963 Test 1 
Moisture Mechanical 
content damage Temperature, °F 
%w.b. % 45 60 75 90 105 120 
28.8* 2.0 81 
82 
65 
66 
49 
50 
33 
34 
17 
18 
1 
2 
25.3b 2.0 91 
92 
75 
76 
59 
60 
43 
44 
27 
28 
11 
12 
22.9= 2.0 85 
86 
69 
70 
53 
54 
37 
38 
21 
22 
5 
6 
18.8^ 2.0 89 
90 
73 
74 
57 
58 
41 
42 
25 
26 
9 
10 
22.9^® 2.0 83 
84 
67 
68 
51 
52 
35 
36 
19 
20 
3 
4 
19.6^^ 2.0 87 
88 
71 
72 
55 
56 
39 
40 
23 
24 
7 
8 
24.4^^ 95 
96 
79 
80 
63 
64 
47 
48 
31 
32 
15 
16 
^Hand 
10, 1963. 
picked and hand shelled at 28 .8% moisture content on Oct. 
^Hand 
10, 1963. 
picked and hand shelled at 25 .3% moisture content on Oct. 
'^Hand 
15, 1963. 
picked and hand shelled at 22 .9% moisture content on Oct. 
^Hand 
24, 1963. 
picked and hand shelled at 18 .8% moisture content on Oct. 
^Natural air dried to the indicated moisture content. 
^Artificially damaged. 
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Table 14. Assigned sample numbers for 1963 Test 2 
Moisture Mechanical 
content damage Temperature, °F 
7oW.b. % 45 60 75 90 105 120 
30.6^ 2.0 81 
82 
65 
66 
49 
50 
33 
34 
17 
18 
1 
2 
25.6^ 2.0 95 
96 
79 
80 
59 
60 
43 
44 
27 
28 
11 
12 
22. 6^ 2.0 91 
92 
77 
78 
53 
54 
37 
38 
21 
22 
5 
6 
18.4^ 2.0 93 
94 
69 
70 
61 
62 
41 
42 
25 
26 
9 
10 
22.6^^ 2.0 83 
84 
75 
76 
51 
52 
35 
36 
19 
20 
3 
4 
20.1^^ 2.0 - - 67 
68 
55 
56 
39 
40 
23 
24 
7 
8 
^Hand 
10, 1963. 
picked and hand shelled at 28, .8% moisture content on Oct. 
'^Hand 
10, 1963. 
picked and hand shelled at 25, .3% moisture content on Oct. 
^Hand 
15, 1963. 
picked and hand shelled at 22.9% moisture content on Oct. 
^Hand 
24, 1963. 
picked and hand shelled at 18, .8% moisture content on Oct. 
^Natural air dried to the indicated moisture content. 
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Table 15. Assigned sample numbers for 1963 Test 3 
Moisture Mechanical 
content damage Temperature, °F 
7oW. b. 7o 45 60 75 90 105 120 
30.8* 2.0 81 
82 
65 
66 
49 
50 
33 
34 
17 
18 
1 
2 
25.4^ 2.0 95 
96 
79 
80 
59 
60 
43 
44 
27 
28 
11 
12 
22. 6= 2.0 83 
84 
77 
78 
53 
54 
37 
38 
21 
22 
5 
6 
18.5^ 2.0 71 
72 
57 
58 
41 
42 
25 
26 
9 
10 
22.9^^ 2.0 - - 75 
76 
51 
52 
35 
36 
19 
20 
3 
4 
19.3^® 2.0 67 
68 
55 
56 
39 
40 
23 
24 
7 
8 
^Hand 
10, 1963. 
picked and hand shelled at 28 .8% moisture content on Oct. 
^Hand 
10, 1963. 
picked and hand shelled at 25 .3% moisture content on Oct. 
"Hand 
15, 1963. 
picked and hand shelled at 22 .9% moisture contcnt on Oct. 
"^Hand 
24, 1963. 
picked and hand shelled at 18 .8% moisture content on Oct. 
^Natural air dried to the indicated moisture content. 
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Table 16. Assigned sample numbers for 1964 
Moisture Mechanical 
content damage 
%w.b. 7c 
Temperature, °F 
60 75 90 105 
26. r 28.7 81 
8 2  
83 
84 
65 
66 
67 
68 
49 
50 
51 
52 
33 
34 
35 
36 
17 
18 
19 
20 
25.6 36.9 89 
90 
91 
92 
73 
74 
75 
76 
57 
58 
59 
60 
41 
42 
43 
44 
25 
26 
27 
28 
21.4 34.4 
15.0 
cd 
34.4 
20.1^^® 34.4 
93 
94 
95 
96 
89 
90 
91 
92 
85 
86 
87 
88 
77 
78 
79 
80 
77 
78 
79 
80 
73 
74 
75 
76 
61  
62 
63 
64 
6 1  
62  
63 
64 
57 
58 
59 
60 
45 
46 
47 
48 
45 
46 
47 
48 
41 
42 
43 
44 
29 
30 
31 
32 
29 
30 
31 
32 
25 
26 
27 
28 
^Field shelled with a combine at 26.1% moisture content on Oct. 
15, 1964. 
^Field shelled with a combine at 25.6% moisture content on Oct. 
20, 1964. 
^Field shelled with a combine at 21.4% moisture content on Oct. 
27, 1964. 
^Natural air dried to 15.0% moisture content on Oct. 27, 1964 and 
carbon dioxide tests initiated on Dec. 31, 1964. 
^Rewet to indicated moisture content. 
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Table 17. Assigned sample numbers for 1965 Test 1 
Temperature, 65°F 
Mechanical damage , 3.0% Mechanical damage , 41.0% 
Moisture Sample Moisture Sample 
content number content number 
%w. b. %w. b. 
33.2* 69 33.9b 71 
70 72 
30.5*^ 65 31.7^^ 67 
66 68 
29.1*c 77 29.3^^ 79 
78 80 
. acd 
73 
._ .bed 
24.4 25.6 75 
74 76 
21.1*cc 85 22.9^:= 87 
86 88 
20.1*cf 81 19.8^^^ 83 
82 84 
16.0*=S 93 18.9^^8 95 
94 96 
^Hand picked and hand shelled at 33.2% moisture content on 
Oct. 16, 1965. 
^Field shelled with a picker-sheller at 33.9% moisture 
content on Oct. 16, 1965. 
^Natural air dried to indicated moisture content. 
^Matched with salt solution prepared for 22% corn. 
^Matched with salt solution prepared for 19% corn. 
^Matched with salt solution prepared for 16% corn. 
^Matched with salt solution prepared for 13% corn. 
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Table 18. Assigned sample numbers for 1965 Test 2 
Temperature, 65°F 
Mechanical damage, 3.3% 
Moisture Sample 
content number 
%w. b. 
Mechanical damage, 26.6% 
Moisture Sample 
content number 
%w.b. 
25.0' 
22.0 ac 
19.0 
ac 
16.0  ac 
13.0 ac 
29 
30 
9 
10 
15 
16 
13 
14 
5 
6 
26.7 
25.0 be 
22 .0  be 
19.0 be 
1 6 . 0  be 
13.0 be 
19 
20 
27 
28 
7 
8 
1 
2 
11 
12 
3 
4 
^Hand picked and hand shelled at 25.0% moisture content on 
Oct. 30, 1965. 
bpield shelled with a combine at 26.7% moisture content on 
Oct. 30, 1965. 
^Natural air dried to indicated moisture content. 
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Table 19. Assigned sample numbers for 1966 
Moisture Mechanical 
content damage Temperature, °F 
%w.b. % 56 65 74 
28.1* 2.0 71 3 37 
72 4 38 
1 5 . 1 °  31.1 69 1 33 
70 2 34 
^Hand picked and hand shelled at 28.1% moisture content on 
Oct. 29, 1966. 
^Field shelled with a combine at 25.7% moisture content on 
Oct. 29 J 1966. 
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APPEÎ'ÏCIX G: OBSERVED TIMES TO INCUR 
0.1, 0.5 AND 1.0 PERCENT DRY MATTER LOSS 
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TEMPER- MECHANICAL TIME (HOURS) TO INCUR 
ATURE DAMAGE _A_QiiX_MAII£R _L!:SS_C£_ 
SAMPLE DEG F INITIAL FINAL 0.1% C.5% 1.0% 
1 45.0 27.9 29.6 19.6 80.0 310.0 495.0 
2 45.0 27.9 29.2 19.6 96.9 410.0 652.0 
3 45.0 25.0 27.2 19.6 95.0 420.0 645.0 
4 45.0 25.0 27.3 19.6 90.0 420.0 660.0 
5 45.0 • 22.7 25.2 19.6 140.0 505.0 73 5.0 
6 45.0 • 22.7 25.5 19. 6 140.0 530.0 320.0 
9 65.0 27.9 29.5 19.6 2 5.0 100.0 175.0 
10 65.0 27.9 31.3 19. 6 25.0 95.0 165.0 
11 65.0 25.0 26.6 19.6 40.0 145.0 225.0 
12 65.0' 25.0 26.7 19.6 35.0 135.0 215.0 
13 65.0 22.7 25.1 19.6 60.0 190.0 277.0 
14 65.0 22.7 25.4 19.6 55.0 18 5.0 23C.0 
17 85.0 ' 27.9 28.7 19.6 10.0 45.0 80.0 
18 85.0 27.9 24.8 19.6 11.5 55.0 100.0 
19 35.0' 25.0 25.4 19.6 18.0 7 5.0 120.0 
20 85.0' 25.0 21.4 19.6 18.0 80.0 145.0 
21 35.0 22.7 18.5 19.6 30.0 128.0 265.0 
22 85.0' 22.7 20.4 19.6 3 5.0 150.0 305.0 
25 35.0' 27.9 29. 6 19.6 90.0 540.0 76C.0 
26 35.0 27.9 29.8 19.6 90.0 540.0 750.0 
27 35.0' 25.0 29.4 19.6 175.0 69C.0 1140.0 
28 35.0 25.0 29.4 19.6 180.0 630.0 1180.0 
29 35.0' 22.7 26.7 19. 6 190.0 660.0 1 3 r C . 0 
30 r 5 .0 ' 22.7 27.4 19.6 245.0 870.0 1420.0 
33 5j.O' 27.9 29.1 19.6 40.0 130.0 30 0 o 0 
34 5 5.0" 27.9 28. 7 19.6 40. 0 190.0 305.0 
35 55.0' 25.0 27.2 19.6 60.0 240.0 370.0 
36 55.0' 25.0 27.0 19.6 60.0 260.0 395.0 
37 55.0' 22.7 24.6 19.6 110.0 36C.0 540.0 
36 55.0' 22.7 24.7 19.6 95.0 335.0 51C.0 
41 75.0' 27.9 29.7 19.6 15.0 65.0 105.0 
42 75.0" 27.9 34.3 19.6 15.0 5 5.0 8 5.0 
43 75.CT 25 .0 24.4 19.6 25.0 100.0 165.0 
44 75.0' 25.0 25. 8 19.6 20.0 95.0 155.0 
45 75.0' 22.7 25.5 19.6 35.0 12 5.0 190.0 
46 75.0" 22.7 21.7 19.6 3 5.0 157.0 
Figure 39. Summary of 1961 data 
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TEMPER- MECHANICAL TTME (HOUPS) TO INCUR 
ATURE DAMAGE _â_a3.Y_MII£a_LQ^S_DE_ 
SAMPLE DEC F INITIAL FINAL % 0.1% 0.5% 1.0* 
1 110.0 26.9 27.9 28.7 6.7 39.0 69.0 
2 110.0 26.9 28.6 28.7 7.0 32.0 57.0 
3 110.0" 25.4 26.7 28.7 9.4 43.0 76.0 
4 110.0 25.4 26.C 28.7 10.1 45.5 78.0 
5 110.0 22.2 24.4 28.7 17.1 58.0 10 5.0 
6 110.0 22.2 28.5 28.7 13.7 42.0 73.0 
7 110.0 18.9 31.7 28.7 5.8 28.5 117.0 
8  110 . 0' 18.9 21.3 28.7 32.9 54.0 66.0 
9  1 1 0 . 0  16.9 17. 5 2 8.7 
10 1 1 0 . 0  16.9 17.4 28.7 — — — 
17 95.0 ' 26.9 28.0 23.7 8.4 39.0 69.0 
18 95.0 26.9 27.8 28.7 8.6 43.5 AC.O 
19 95.0' 25.4 26.7 28.7 13.1 56.0 84.0 
20 95.0 25.4 26.2 28.7 14.0 59.0 92.0 
21 95.0 22.2 23.4 28.7 26.9 79.0 95.0 
22 95.0 22.2 23.2 28.7 25.0 76.5 IIC.O 
23 95.0' 18.9 20.9 28.7 52.3 124.0 173.0 
24 95.0' 18.9 20.8 28.7 52.7 134.0 182.0 
25 95.0 16.9 17. 8 28.7 95.0 323.0 462.0 
26 95.0 16.9 26.9 23.7 95.0 332.0 462.0 
33 8 0 . 0 '  26.9 27.4 28.7 12.9 63.0 105.0 
34 80.0" 26.9 27.6 28.7 13,6 63.0 113.0 
35 80.0 25.4 28. 7 28.7 26.6 79.0 113.0 
36 8 0 . 0 '  25.4 21.6 28.7 25.0 1 1 3 . 0  176.0 
37 8 0 .O' 22.2 23. 5 28.7 51.5 155.0 223.0 
38 s o . o '  22.2 23.5 28.7 53.2 165.0 234.0 
39 8 0 .O' 18.9 22.7 28.7 114.0 220.0 296.0 
40 80.0 18.9 28.7 — — " 
41 SO.O 16.9 17. 7 28.7 
42 8 0 . 0 '  16.9 17.0 28.7 
49 65.0' 26.9 27.2 22.7 24.7 116.0 190.0 
50 65.0 26.9 27.2 28.7 26. 7 125.0 202.0 
5 1 65.0 25.4 25.7 28.7 42.3 153.0 2c0.0 
52 65.0' 25.4 26.7 28.7 47.0 173.0 283.0 
53 55.0" 22.2 22. 7 28.7 117.0 330.0 47C.0 
54 65.0" 22.2 22.6 28.7 114.0 330.0 475.0 
55 65.0' 18.9 2 0 . 0  28.7 316.0 745.0 1075.0 
56 65.0 18.9 19.8 28.7 291.0 675.0 1165.0 
57 65.0' 16.9 19.2 28.7 I 510. 0 2820.0 3730.0 
53 65.0 16.9 20.2 28.7 1320.0 2890.0 38G0.0 
Figure 40. Summary of 1962 Test 1 data 
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T E M P  ER- MhCHA NIC AL TIME HCLIP.S) T n  I N C U R  
ATURE t lClLS.  Ililr D A n  AGE \/ 
.M PL E DEG F INITIAL FI M AL 0 . 1  % n . 5 x  1 .  c  
6  5  50 . 0  26 .9 23. i  23 .7 7 3 .  2 9 0 . 0  4 5 3 . 0  
ô 6 5 0  . 0  26 o9 2û. 3 2 3  .7 70. 0  2 9 8 . 0  4 5 7 . 0  
67 5 0  .0 25 .4 2 5 .  2 28 u7 1  0 o 0 0 4 2 0 . 0  6 3 5 . 0  
6 8  5 0 .0 25 o 4 25 o 5 2 3 .7 1 5 0 ,  4 6 0 . 0  6 9 5 . 0  
69 50 .0 22 .2 2 2 .  9 2 3 c7 3 5 2 .  0 9 1 0 . 0  1 2 8 5 . 0  
70 50 .0 22 .2 2 3 .  5 2 8 ,7 374. 0 3 9 0 . 0  1 1 9 5 . 0  
7 1  50 .0 13 .9 1 9 .  28 .7 1 4 8 0 .  0 3 5 2 0 . 0  
72 50 .0 13 .9 19. 0 2 S .7 1 8 0 0 .  Q 4 3 0 0 . 0  
73 50 . 0  16 .9 17. 4 28 o7 -
7 4  50 »0 16 .9 17. 7 23 .7 — -
S I  3 5 .0 26 .9 2 8 .  2 2 8  . 7  3 0 0 .  0 I C O O . O  1 6 : 0 . 0  
32 3 5 .0 2 6  .9 29. 6 2 8  .7 2 0 7 .  0 8 2 0 . 0  1 3 0 0 . 0  
8 3  35 .0 25 .4 25. 4 2 8 o7 335, 1 3 0 0 . 0  2 0 0 0 . 0  
84 35 .0 25 « 4- 2 7 .  7 23 .7 7 4 8 .  0 2 3 0 0 . 0  1 9 5 0 . 0  
8 5 3 5 .0 ' 2 2  .2 2 2 .  0 2 3 .7 1 3 5 0 .  0 2 9 0 0 . 0  3 8 2 0 . 0  
8 6  3 5  .0' 22 .2 2 2 .  5 2 3 c 7  1 3 5 0 .  0 2 9 0 0 . 0  3 7 3 0 . 0  
87 35 .0 18 .9 - 2 8  .7 — -
8 8  35 .0' 18 .9 1 8 .  7 2 8  .7 
9 9  35 .0' 1 6  .9 16. 9 28 .7 -
9 0  3 5  .0 '  1 6  . 9  1 6 .  3 28 . 7  - — — — — 
Figure 40. (Continued) 
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TEMPER- MECHANICAL TIME (HOURS; TC INCUR 
ATURE DAMAGE _A_niY_I£AlIIjl_LnS.S_L£_ 
SAMPLE DEG F INITIAL FINAL % 0.1% 0.5% 1.0% 
11 110.0 27 . 0 - 19. 1 - — —  —  —  —  — —  
12 110.0 27 .0 32. 1 19. 1 10. 0 60 
13 110.0 26 .7 3 6 0 9 9. 6 8c 5 42 ^  r »  - 7 ] c 5 
14 IIC.O 26 .7 - 9. 6 10c 2 75 . 0  
15 110.0 26 .4 - 2 - C  1 1 .  0 57 .5 11C  . 0 
16 IIG.O' 26 D  4 - 28. 9 2. 0  1  0  c 2 5? cO 98.0 
27 95.0 27 cO 20. 9 19. 1 13c 5  3  8  cO 18C.0 
23 95.0 ' 27 . 0  20. 6 19. 1  12. 8  96 cO 320 .0 
29 95.0 ' 26 .7 31. 0 9 .  6 12. 1 5 8 cO 9 3.0 
30 95.0' 26 ,7 31. 0  9 .  6 12. 2 6 0  oO 95.5 
31 95.0 ' 26 o 4 27. 6 2o 0 16. 5 88 c C  1 5  4  « .  0  
32 95.0 ' 26 .4 27. 3 2. 0 1 5 .  4  88 , 0  163.0 
43 80. C 27 o O  - 19. ]_ 22. 0  97 .0 
44 80.0 27 o O  - 19. 23. 5  97 o 0  
45 80.0 26 .7 23. 5 9c 6 21. •3 128 . 0  252.0 
46 80.0' 26 .7 31 o 9. 6  21. 5 3 5 c O  134.0 
47 80.0 26 . 4 28. 0 2. 0 3 5 u 4  158 .c 268.0 
43 80.0' 26 « 4 30. 5 2. C  35. 4 158 240 .0 
59 65.0 27 .0 28. 0 19. 1 33. 2 
CO 
. 0  24?.0 
60 65.0 27 .0 27. 7 19. 3 5. 2 1 4 P  oO 238.0 
61 65.0 26 .7 23. 3 9. 6 69^ 6 212 cO 33C .0 
62 6 9.0 26 .7 27. 9 9, 6 4 4  V  R  190 c M  319.0 
6 3 65.0' 26 .4 —  — —  - 2. 0  76. 6 336 . 0  5 2 5.0 
64 6 5.0 26 . 4 —  - 2o G  68. 9  358 . 0  590 .0 
75 50.0' 27 .0 27. 1  1 9 .  92. 2 365 5 7  5  »  0  
76 50.0 ' 27 .0 27. 3  19. 1 95. 360 r\ - 525.0 
77 50.0" 26 .7 23. 1  9. 6  144. 0 •^5 5 o  G 67 2.0 
7 3 50.0' 26 .7 29. 6 9. 6  — - — 
79 50.0 26 » 4 27. 7 2c 0  I B S ®  0  7 5 0  o  0  1215.0 
S O  5C.0 ' 2 6  .4 27. 9 2 c 0 I S o @ 0  7 5 0  cO 119 5.0 
9 1 3 5.0 27 .0 27. 0  19. i  277. 0  IC 10 « 157C.0 
92 35.0 ' 27 .0 27. 5 19. 1 523. 0  1480 «  O  2  2 1 0  c 0  
9 3 35.0 26 .7 28. 0 9c 6 3R8. r\ 1340 cO 2C9C.0 
94 35.0 26 .7 27. 7 9. A ~  3 3 6 0  0 1280 . 0  1915.:^ 
95 35.0 26 .4 26. Ô  2c G  544. 0 1990 . 0  297C.: 
96 35.0' 26 « 4 26. 5 2. C  538. 0 2120 cO 3 270.0 
Figure 41. Summary of 1962 Test 2 data 
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T E M P E R ­ M E C H A N I C A L  T T ' ^ F  ( H O U R S )  T O  I N C U R  
A T U R E  D A M A G E  .  
S A M P L E  D E G  F  I N I T I A L  F I N A L  % 0  «  I  %  0 . 5 %  1  . 0  ' '  
1  1 2 0 . 0  2 3 . 8  2 3 .  2  2 ,  0  n  «  3  6  . 0  7  2 . 0  
2  1 2 0 . 0  2 8 . 8  2 8 .  7  2 .  0  6  o  3  3 7  .  5  7 3 . 0  
3  1 2 0 . 0  2 2 . 9  2 0 .  3  2 .  c 1 4  V  7  1 2 0  . 0  2 1 4 . 0  
4  1 2 0 . 0  2 2 . 9  2 6 .  6  2 .  c 1 3 .  5  5 7  9 3 . 0  
5  1 2 0 . 0  2 2 . 9  1 8 .  1  2 ,  0  1 1 .  6 8  5  . 0  2 2 5 . 0  
6  1 2 0 . 0  2 2 . 9  2 2 .  2  2 »  c 1 0 .  3  6  0  . 0  1 1 5 . 0  
7  1 2 0 . 0 '  1 9 . 6  2 0 .  2  2 .  c 
8  1 2 0 . 0  1 9 . 6  2 2 .  7  2 .  0  1  S. 3  67 .  0  1 1 4 . 0  
9  1 2 0 . 0  1 3 . 8  2 1 .  8  2 »  0  2 5 .  3  1 0 0  Q ' .•! — 
1 0  1 2 0 . 0  I S . 6  2 3 .  1  2 o  0  2 7 .  7  9 0  c "./• 
1 1  1 2 0 . 0  2 5 . 3  2 5 .  9  2 ,  c 9 .  3  57 . 0  i G 5 0 0 
1 2  1 2 0 . 0  2 5 . 3  2 4 .  4  2 .  0  8 .  46 . 0  9 5 . 0  
1 5  1 2 0 . 0  2 4 . 4  2  3 .  2  2 o  0  1 1 .  2  6  5  o O  1 3 1 . 0  
1  6  1 2 0 . 0 '  2 4 . 4  3 0 .  3  2 ,  0  1 1 .  1 5 0  c O  1 1 6 . 0  
1 7  1 0 5 . 0  2 8 . 8  2 8 .  4  2 .  0  7 .  7  48 . 0  1 0 0 . 0  
IS 1 0  5 . 0  - 2 8 . 8  2 8 .  6  2 .  c 7 .  2  4 6  .  5  9 9 . 0  
1 9  1 0  5 . 0  2 2 . 9  2 0 .  8  2 .  0  2  4.  3  1 1 7  . 0  1 6 3 . 0  
2 0  1 0  5 . 0 •  2 2 . 9  2 4 .  9  2 „  0  2 2 .  S  7  3  . 0  1 0 3 . 0  
2 1  1 0  5 . 0 "  2 2 . 9  2 4 .  9  2 .  0  1 3 .  4  9 7  . 0  1 5 4 . 0  
2 2  1 0 5 . 0  2 2 . 9  2 7 .  C  2 .  0  I S .  4  1 0 0  . 0  1 6 0  0  0  
2 3  1 0  5 . 0  1 9 . 6  2 0 .  ]_ 2 .  0  5 8 .  3  1 9 7  i  0  2 5 9  . 0  
2 4  1 0 5 . 0 '  1 9 . 6  2 4 .  3  2 .  0  3 2 .  3  8  3  'J 1 1 6 . 0  
2 5  1 3 5 . 0 '  1 8 . 3  2 1 .  4  2 .  0  6 8 .  1  1 9 5  . 0  2 5 3 . 0  
2 6  1 0 5 . 0  1 8 . 8  2 1 .  0  2 .  0  6 4 .  3  2 0 0  . 0  2 7 1 . 0  
2 7  1 0 5 . 0 ' '  2 5  . 3  2 5 .  0  2 o  0  i .  J L  o  3  6 1  » j 9 6 . 0  
2 8  1 0 5 . 0  2 5 . 3  2 2 .  2 .  0  1 2 .  S  2  . 0  •  1 1 7 , P  
3 1  1 0 5 . 0 '  2 4 . 4  2 7 .  2  2 .  0  1 5 .  7  cO . 0  1  1  ^  n  
3 2  1 0 5 . 0  2 4 . 4  2 1 .  Q  2 .  0  1 6 .  7  140 cO 1 9 2 . 0  
3 3  9 0 . 0  '  2 8 . 8  30.  7  2  •  0  9. 4  64 .  0  1 3 6 . 0  
3 4  9 0 . 0  2 8 . 8  3 5 .  7 2 .  r 9 .  3  6 2  o O  1 2  5 . 0  
3 5  9 0 . 0  2 2 . 9  2 2 .  S  2 .  0 4 0 .  2  1 1  3  d  c 1 5 0 . 0  
3  6  9 0 . 0  2 2 . 9  2 3 .  2 .  0  
3 7  9 0 . 0  2 2 . 9  2 5 .  G  2 o  3 4 .  6 . 1 3 0  3 0  5 . 0  
3 3  9 0 . 0  2 2 . 9  2 3 .  7  2 .  c 3  6 .  7  I S O  oO 2 5 0 . 0  
3 9  9 0  . 0  1 9 . 6  2 0 .  2  2 .  Q  A  1 c  2  3 0  ,0 4 C  5  . 0  
•^0 9 0 . 0 '  1 9 . 6  2 1 .  3  2  o  7 6 .  -T 2 1 2  2 9  5 . 0  
4 1  9 0 . 0  '  1 8 . 8  1 9 »  3  2 .  0  1  S  1  o  0  5 7 5  . 0  3  6 0 .  
4 2  9 0 . 0  1 8 . 8  1 9 .  5  2 .  0  1 9 4 .  A  7 4 5  . 0  9 = 5 . 0  
4 3  9 0 . 0  2 5 . 3  2 7 .  û 2 .  0  1 8 .  Q  9  0  o 0 1 3 1 . 0  
4 4  9 0 . 0  2 5 . 3  2 5 .  3  2 .  c  1 8 .  0  1 0 0  .0 1 3 4 . 0  
4 7  9 0 . 0 '  2 4 . 4  2 5 .  2  2 .  0 3 5 .  0  1 3 5  . 0  1  0  
4 8  9 0 . 0  2 4 . 4  2 4 .  5  2 .  0  2 7 .  0  1 2 0  . 0  
Figure 42. Summary of 1963 Test 1 data 
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TEMPER- MECHANICAL TIMS (HOURS) TD INCUR 
ATURc DAMAGE _A_ngv_r/AIIE2_LD&i_0E_ 
SAMPLE DEC F INITIAL FINAL % 3.1% G. 5 l.C" 
4 9  7 5 . 0  2 8 . B  2 8 .  7 2 . 0  17. 0 I"''2 .0 2 5 1 .0 
50 7 5 . 0  2 8 . 8  2 8 .  8 2.0 1 9 .  0 120 .0 28 0 . 0 
51 75-0 • 2 2 . 9  23. 8 2 . 0  8 5. 8 2 4 5  .0 400 .0 
52 7 5 . 0  2 2 . 9  2 3 .  1  2 . C  9 3 .  0 3 G B .0 4 6 5  .0 
53 75.0 2 2 . 9  2 2 .  2 2 . 0  8 5 .  0 5 00 .0 SCO .0 
54 7 5 . 0  2 2 . 9  2 0 .  8 2 . 0  8 5 .  0 500 .0 800 .0 
55 7 5 . 0 '  1 9 . 6  2 3 .  3 2 . 0  131. 7 0 5  cO 1040 0 
56 7 5 . 0  1 9 . 6  20. 0 2 . 0  1 4 8 .  0 765 .0 1 150 .0 
57 7 5 . 0 '  1 9 . 8  19. 5 2 . 0  540. 0 2 0 8 0  .0 30 20 .0 
58 7 5 . 0 '  1 6 . 8  18. 3 2 . 0  5 2 0 .  0 1 9 0 0  . 0 2 8 7 0  .0 
59 7 5 . 0  25.3 2 6 .  2 2 . 0  3 3 .  0 2 0 0  .0 316 oO 
60 75.0" 2 5 . 3  2 5 .  9 2 . 0  3 7. 0 2 0 0  .0 30 1 .0 
6 3  75.0" 2 4 . 4  2 4 .  5 2 . 0  5 8 .  0 2 8 7  .0 4 0  8  .0 
64 75.0" 2 4 . 4  2 4 .  4 2 . 0  61 . 0 3 0 0  .0 4 2 0  .0 
65 60.O '  2 8 . 8  2 9 .  2 2 .0 3 3 .  0 210 ^ r, 50 0 .0 
6 6  6 0 .0 2 8 . 8  2 9 .  2 2 . 0  37. 0 2  2 0  cO 4 8 2  
67 6 0 . 0  '  2 2 . 9  2 3 .  0 2 . 0  2 5 7 .  0 6  2 0  .0 P O O  .0 
6 8 6 0 . 0  '  2 2 . 9  2 3 .  3 2 . 0  2 1 0 .  0 6 0 0  .0 7 0  c  .0 
69 6 0 . 0  2 2 . 9  2 2 .  9 2 . 0  2 2 0 .  0 1 C 2 ' 0  .0 1 540 . 0 
70 6 0 . 0  2 2 . 9  2 2 .  5 2.0 2 2 0 .  r\ '•J 1 2 2 0  .0 1 900 .0 
71 6 0 . 0  1 9 . 6  2 0 .  2 2 . 0  5 00. 0 1 9 6 0  .0 3 1 2 0  .0 
72 6 0 . 0  1 9 . 6  2 0 .  6 2 . 0  — -
73 60.0 1 8 . 8  1 9 .  3 2 . 0  1 6 0 0 .  0 4 3 0 0  ,0 5 8 2 0  .0 
74 6 0 .0 1 8 . 8  19. 8 2 . 0  1 2 8 0 .  0 4 1 5 0  5  7 2 0  .0 
7 5 60.0 2 5 . 3  2 8 .  9 2 . 0  8 3 .  0 350 .0 5 0 0  .0 
76 6 0  . 0  2 5 . 3  2 7 .  3 2 .0 8 4 .  0 3 7 0  .0 50 5 ,0 
7-= 6 0 . 0 '  2 4 . 4  2 5 .  6 2 .  :  1 4 0 .  0 5 60 o O  7 5 0  .0 
SO 6C. 0 2 4 . 4  2 5 .  9 2 . 0  1 4 6 .  n 5 1 0  .0 6 5 0  .0 
81 4 5 . 0 '  2 8 . 8  29. 4 2 . 0  ICO. 0 5  3 0  l oec  .0 
8 2  4 5 . 0  2 8 . 8  2 9 .  0 2 . 0  8 8 .  0 4 7 5  cO 96 5 oO 
S 3  4 5 . 0  2 2 . 9  2 2 .  9 2 . 0  5 3 0 .  0 1500  . 0 1 900 .0 
84 4 5 . 0 '  2 2 . 9  2 2 .  6 2 .0 6C0. 0 1 6 5 0  2000  .0 
8 5 4 5 . 0 "  2 2 . 9  2 5 .  3 2 . 0  1200 .  0 3 5 2 0  .0 4  5 0 0  .0 
86 4 5 . 0  2 2 . 9  2 3 .  6 2 . 0  5 1 0 .  0 2 3 2 0  ^ r. 3 1 8 0  
S7 4 5 . 0  1 9 . 6  2 0 .  7 2 . 0  1 6 0 0 .  0 4 4 5 0  .0 6 30 0 0 V 
88 4 5 . 0 '  1 9 . 6  2 1 .  0 2 . 0  1 6 0 0 .  0 4 9 8 0  .0 6  800  .0 
8 9 4 5 . 0 '  1 8 . 8  2 0 .  0 2 . 0  3 6 0 0 .  0 
90  4 5 . 0 '  1 8 .8 2 0 .  L, 2 .0 3 4 2 0 .  0 
91 4 5 . 0  2 5 . 3  2 5 .  5 2 . 0  1 9 8 .  0 7 9 0  « 0 1 07''^  .0 
92 4 5 . 0  2 5 . 3  2 5 .  9 2 . 0  5 1 4 .  0 1 0 5 0  « 0 1350 U J 
95 45.0 2 4 . 4  2 7 .  7 2.0 3 50. 3 13 20 oO 1660  
96 45.0 • 24.4 2 4 .  9 2 . 0  6 3 0 .  0  1 5 0 0  .0 1910  r. 
Figure 42, (Continued) 
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T B ^ P E R -  M E C H A N I C A L  T T X T  ( H O U ^ S )  T O  I N O  
ATU^d !)AMAGc _û_Qiï_Hî.IIEli_LL15_i.. 
SAMPLE OEG F INITIAL FINAL % 1.1/ " . 5 1 •' 
1 12C 3v . 6 30 . 1 2. 0 2. y  2 5 . 5  6 1 . 
2 12C 0 30 .6 30. 0 2 0 r, 2 . 6 2 2 . : ^  5 6 . 1  
3  12C 0 22 . 6 23. 3 2. 0 S .  6 '  5 2 . 0  1 ^ 3 . 0  
4 1 2 0  0 22 . 6 23. 1 2. 0 9 . 2 5 2 . C  I C  0 .0 
5 120 0 2 2  . 6 23. 7 2. 0 1 3. 3 5 5 . 5  10 3 . 
6 120 0 2 2  . 6 23. 4 2. n 12. 3 5 2 . 5  inr , 1 
7 120 0 2 0 .1 20. 1 2 . '0 16 . 2 7 2 . 0  131. " 
o 120 20 .1 20. 9 2. 15. 6 6 9 . 0  1 2 4 . 0  
9 120 0 18 .4 20. 5 2. 14. 7 6  4 . 0  13 4.0 
10 1 2 Ù  1ft .4 20. 7 2. 0 18. 2 70.0 
1 1 120 0 25 . 6 2 6 .  5 2. 0 6. 6 4 0  . 0  7 6 . 2  
12 120 0 25 .6 2 6 .  4 2 . V 6 . 5 3 9  . 0  7 6 . 2  
17 1 0 5  0 30 .6 30. 2 2 . 2. 7 2 2 . 5  4 6.5 
18 10 5 0 30 . 6 30. 2 2 . 4 . 0 3 0  . 0  6 7 . 0  
19 105 0 22 . 6 41 . 4 2. 0 14. 5 4 8 .  5  8 C . 0  
2 0  10 5 Q 22 . 6 37. 6 2. g 14. 9 4b .r 7 2 . 2  
21 105 0 22 . 6 29. 1 2 . C  17 . 5 5 8.0 1 0  1 . 0  
22 105 0 22 « 6 3 6 .  2 2. C  1  S  .  9 50.0 8 1 
23 105 0 20 . 1 2 1 .  3 2 . r. 3 2 .  5 113.0 154.0 
24 10 5 0 20 .1 21. 4 2 . 31. 1-5.0 1 4 5 . 0  
25 105 0 18 • ^ 20. 7 2. 0 121. 3 2 3 0  . G  3 C c  . 0  
2 6 10 5 0 18 • 4 20. 5 2 . 55 . 9 2 2 0  . 0  2 9  2 . 0  
27 10 5 c 25 « 6 26. 4 2. 0 5. 0 5 6. ' 9  2 . 0  
28 10 5 0 25 . 6 26. 4 2 . 0 8 . 5 6 .0 S  S  .  5  
33 90 0 30 . 6 30. 5 2. 0 5. 5 4 1 . C  - 7-. 5 
34 90 30 .6 30. 4 2. r. 7. 0 4 3  . 0  7 4 . 5  
35 90 0 2 2  . 6 24. H 2. G 24. 7 1 2 2 . 3  1 ? ] . 0 
36 90 0 2 2  . 6 24. 3 2. 0' 25. 0 1 2 2 . ' - '  17 5. ^ 
3 7 90 J 2 2  . 6 23. 4 2 . j 3 3. 5 1 6 0  2 2  5 . "  
3 8  90 c 22 .6 23. 9 2 . 33. 7 1 5  3 . 0  
39 9 0 2-. 1 2 0 .  9 2. 0 6 0. 9 2 9 G  . 0  4 c 6 . 
4 C  90 0 2-. 1 2 2 .  3 2 . 6 3 .  8 2 7 5 . 0  4 3  2 .  "  
41 90 18 .4 20. 5 2. 0 154. c. 4 4 0 . 0  6 7 1 . 0  
42 9 0 0 I B  .4 20. 6 2 . G 1 6 0 .  9 5  8 0  . 0  7 ^ 5 . - "  
43 90 0 2 5 . G 26. 4 2. G 1 1. 5 74.0 1 2 9 . 0  
44 90 0 25 . 6 29. 6 2. n. 1 1. 3 6 5.0 1 •" 7 . 0 
49 75 0 3 0 . 6 29. 6 2 . 0 10 . 0 6  3 . C  1 2 8 . 0  
5 J 75 30 .6 2 9 .  7 2. 0 10. 9 6 3.0 1 2 8 . 0  
51 75 0 22 . Ô 24. 0 2 . 5 5 . 8 1 7  5 . 0  2 3 8  
52 75 G 22 . 6 2 2 .  5 2. 0 54. g 190 .0 2 6 0 . 0  
Figure 43. Summary of 1963 Test 2 data 
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TEMPER­
ATURE 
SAMPLE DÉG F IwITlAL Fi MAL 
MrCHAiMCAL TIME (HHUPS) TO INCUR 
DAMAGE _A_QRY_uATTz±_LD&&_lr_ 
:g 1% L,5/L 1.0/ 
53 75 G 22 . 6 22. 1 2. C 37.5 395 . 0' 52f. .0 
54 75 Û 22 . 6 24. 4 2 . 0 82.5 345 .0 48 1.0 
75 0 2C 1 * 1. 22. 3 2. r 122.1 3;^'l .0 531.0 
5 6 75 2C . I 2 7. B 2 . C 144.3 5 50 . 0 
59 "5 C 25 . 6 32. '•J 2. 0 11.6 68 .0 12 8.0 
6 0 7;. V 25 . 6 25. 4 2. 0 2: .2 94 .0 162.0 
61 75 L LA « 4 19. 9 2. 0 LAOC • 0 2 300.0 
62 75 0 18 .4 20. 2. 0 2580 .0 2 97r.0 
65 60 0 - 2 . V 30.5 59 .0 — 
Ô 6 6C 20 . 6 30 • 6 2 . 17.5 126 .0 251.0 
67 6 0 20 . 1 20. 3 2. 0 — — 980 » V. 1450.0 
68 60 V 20 . 1 a 2. 0 10 30 .0 138^; .c 
69 60 0 IB • 4 20. 3 2. û — 2700 .0 3 72C.C 
7C 60 0 18 .4 2 0. 0 2 . f — —  —  225C .0 3090.0 
75 60 Û 22 . 6 26. 1 2. 0 113.0 
76 oC 0 22 . 6 2 7. 6 2. 109.0 — — 
77 60 G 22 .6 25. 3 2. 0 163.0 — 
78 6 0 0 22 . 6 23. 4 2. 164. 0 
79 6 G 0 25 . 6 29. 0 2 . 32.6 173 
8 0 o 0 0 25 . 6 32. 2 2. 0 34. 1 8 1 
81 45 0 30 . 6 30. 2 2. 0 49.6 3" 3 576.0 
32 45 30 . 6 3 0' « 2. 0 50. 1 30 3 • c 555.0 
8 3 45 0 22 . 6 28. 5 2 . c — 2 9-0 
S 4 4 5 0 22 . 6 — - 2 . 8 20 1lir. ; 
9 1 45 0 22 . 6 22. 5 2 . 0 1 o 5 0 • 0 • 2 26i .7 
92 4 5 22 . 6 22. 9 2 . Q 1R70 2450.0 
93 4 5 u IH .4 19. 5 2. 0 — 2 700 •  • >  
94 45 c I>! .4 2 0. 2 • 0 25 50 
9 5 45 0 25 . 6 25. 9 2. 0 89.6 4 30 63 8 « 
96 45 J 25 . 6 2D. r-J 2. G 85 .3 405 .0 6 0 0 .0 
Figure 43. (Continued) 
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TEMPER- MECHAiM CAL TIME (HÛUHS) TO INCUR 
ATURE DAMAGE 
SAM PL E DEG r INITIAL FINAL >o 0. I-S 0.5% l.C^j 
1  1 2 0 . 0  3 0  .  H  3 0 .  5  2  • 0  2 6 . 5  6 2  «  4  1 0  7 . 0  
2  1 2 0  . 0  3 0 .  9  '  3 2 .  0  2  •  G  2 9 . 5  6 4  . 7  1 0  1 . 0  
3  1 2 0 . 0  2 2 . 9  2 2 .  4  2  •  0  1 0 . 7  5 3  . 9  1 0  1  . 0  
4  1 2 0 . 0  2 2 . 9  2 4 .  5  2  •  C  1 2 . 5  5 3  .  1  1 2  5 . 0  
5  1 2 0 . 0  2 2 . 6  2 4 .  2  • 1 1 . 0  5 2  . 2  9 8 . 0  
6  1 2 C . 0  2 2 . 6  2  4 .  3  2  . 0  1 1 . 0  5 2  .  2  9  2 . 0  
7  1 2 0 . 0  1 9 . 3  1 9 .  9  2  .  0  1 8 . 5  8 1  . 0  
8  1 2 U . 0  1 9 . 3  2  0 .  0  2  .  0  1 8 . 5  8  1  . 0  1 7  7 . 0  
9  1 2 0 . 0  1 8 . 5  2 0 .  2  . 0  1 3 . C  3 2  . 1  2 1 3 . 0  
1 0  1 2 0 . 0  1 6 . 5  2 2 .  5  2  . 0  1 8 . 0  8  2  . 0  
1 1  1 2 0 . 0  2 5 . 4  2 6 .  7  2  . 0  7 . 5  4 3  . 0  
1 2  1 2 0 . 0  2 5 . 4  2 7 .  6  0 .  0  7 . 5  4'" . 8  
1 7  1 0  5 . 0  3 0 . 6  3 0 .  3  2  .  0  2 4 . 4  5 8  .  0  8 2 . 5  
1 3  1 0  5 . 0  3 0 . 8  3 0 .  2  2  .  0  2 4 . 4  5 6  • J 8 1 . 0  
1 9  1 0  5 . 0  2 2 . 9  2 4 .  8  2  .  0  1 4 . 0  7 6  . 4  1 4  4 . 0  
2  0  1 0  5 . 0  2 2 . 9  2 4 .  O 2  .  0  1 4 . 0  98 .  0  1 3  5 . 0  
2 1  1 0 5  . 0  2 2 . 6  2 4 .  3  2-. C 1 6 . 5  8 5  . 0  1 5 2 . 0  
2 2  1 0  5 . 0  2 2 . 6  2 4 .  3  2  .  0  1 6  . 5  9 0  . 0  1 5  5 . 0  
2 5  1 0  5 . 0  1 9 . 3  1 9 .  5  2  • V 1 0 0 . 0  1 5 0  . 0  
2 4  1 0  5 . 0  1 9 . 3  1 9 .  5  2  ^  r 1 0  0  .  0  1 5 0  »  0  
2 5  1 0 5  . 0  1 6 . 5  2 0 .  L 2  • J 5  1 . 0  2 5 8  
2 6  1 0 5  . 0  1 8  . 5  1 7 .  7  2  •  0  5 1 . 0  2 3 8  • v* 3 7  2 . 0  
2 7  1 0  5 . G  2 5 . 4  2 7 .  6  2  •  G  9  . 0  5-9 • '-J 9  6 . 0  
2 8  1 0  5 . 0  2 5 . 4  2 7 .  4  2  • o 9 . 0  5 7  .0 9  8 .  
3 3  9 0 . 0  3 C .  a  3 0 .  2 2  n • 2  5 . 0  6 1  . 5 • 7 9 . 0  
3 4  9 0 . 0  3 C  . 6  29. 3 2  #  G  2 5 . 0  63 • - J a C . 0 
35 9 C  . 0  2 2 . 9  24. 1  2 .  0  1 2 .  0 8 4 • O 1 5 2 . 0  
36 9 C . 0  2 2 . 9  2 5 .  6 2  .  0  2 4  . 0  1 2 1  18c. 0  
37 9 0 . 0  2 2 . 6  2 3 .  8 2  e V 3 5 . 0  168 r 2 8 0 . 0  
3 8 9 0 . 0  2 2 . 6  2 3 .  8  2  . 0  3 5 . 0  175 r 2 9  0  . 0  
39 9 0 . G  1 9 . 3  2 0 .  6  2  72.0 40 0 . 0  7 3.0 
4 0  9 0 . 0  1 9 . 3  2 0 .  4 2  .  0  7 2 . 0  3 3 5  # J 5 0  .  0  
4 1  9 0 . 0  1 8 . 5  2 2 .  2  2  .  0  7 8 . 0 4 1 0  640 .0 
4 2  90.0 IB .5 1 9 .  5 2 . 0  1 3 5 . 0  5 4 0  9 1 0 . 0  
43 9 0 . 0  2 5 . 4  2 7 .  6 2  . 0 1 5 . 0  78 • c 1 2 1 . 0  
44 9 0  . 0  2 5 . 4  27. 3  2  . u 1 5 . 0  7 3  .0 1 2  2 . 0  
49 7 5  . 0  3 0 . 3  3 1 .  5  2  .  0  3 9 . 0  10 9 • .J 1 5  2 . ' -
5  0  7 5 . 0  3 0 . 3  3 1 .  2  2  .0 3 6  . 0  96 .0 1 4 6 . 0  
51 7 5 . 0  2 2 . 9  2 4 .  5  2  .  0  44.0 1 6 5  .0 2 2  3 . 0  
5 2  7 5 . 0  2 2 . 9  24. 6  2  . 0  4 4 .  0  167 . 0  23 7.0 
Figure 44. Summary of 1963 Test 3 data 
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TEi-iPtK- M EC ri AN I CAL TIME ( HOURS ) TG INCUR 
ATUP.C OA'XAGc _A_0aY_MII5S_LL;S5_Uf _ 
SAMPLE DEG F INITIAL F IN AL % C. I >o 0.5?' I . 0 % 
53 7b .0 22 . 6 23. I 2 .0 6 4 .0 2 7 3  3 6 2 . 0  
54 75 « 0 22 . 6 23. 2 2 . 0 84 c 0 2 B 2  .0 3 6 4  . 0  
55 75 .0 19 .3 20. 1 2 « c 170 • 'J 670 .0 1 0 3 r . 0  
5 6 75 .0 19 . 3 20. 4 2 . 0 170 .0 6  5 0  .0 1 0  o r . 3  
57 73 * 0 13 . 5 19. 6 2 . 0 3  0 0  . 0 1 2 2 0  .0 
58 75 .0 18 . 5 20. 6 2 .0 3 0 0  .0 1240 1 5 3 0 . 0  
59 75 . 0 25 .4 27. 3 2 . c 2 5 # -J 119 .0 1 6 8  . 0  
6 0  75 .0 25 .4 30. 3 2 .0 28 • 0 1 12 .0 1 6 0  . 0  
6 5 60 • 0 30 . 8 34. 2 2 • 0 62 . J 1 R 3  • L' 2 4 3 . 0  
6 6 6C . G 30 . 8 34. M 2 . 0 55 * ".V 1 6 8  n 2 3 8 . 0  
6 7 60 • 'J 19 .3 2 0. 8 2 5  3 0  • 0 1 5 5 0  
6 3 60 .0 19 •2 2 1 .  3 2 . 0 3 4 0  . 0 1250 — 
7 1  60 .Û 16 . 5 19. 9 2 .0 96 • J — 
72 60 .0 18 . 5 20. 2 2 .0 10 2 • 0 — 
75 60 . 0 22 .9 2 5 .  2 .0 100 % J 415 .0 5 0  5 . 0  
76 6 C  . 0 22 .9 25. L' 2 . 0 100 a J 3 5 0  .0 470.0 
77 60 .0 22 . 6 24. 5 2 . 0 130 • 43 5 .0 6 6 0  . 0  
7 6 60 .0 22 . 6 24. 5 2 .0 1 30 • 0 465 .0 6 8 0 . 0  
79 6C • u 25 .4 2 7. 1 2 . 0 45 • 0 190 .0 2 7 0  . 0  
8 0  60 . 0 25 .4 27. 3 2 45 • c 1 9 6  .0 2 9  5 . 0  
31 45 * "V 3C .S 34. 4 2 .0 1 9 0  • 0 370 .0 590 .0 
8 2 45 .0 30 . 8 34. 2 2 . 0 1 9 0  3 7 0  .0 5 7 5  . 0  
8 3  45 .0 22 . 6 23. 9 2 .0 3 00 » 0 1150. .0 1 6 4 ^ . 0  
84 45 « u 22 .6 2 3. 7 2 . 0 3 0  0  .0 1210 .0 1 5 8 0 . 0  
95 45 .0 25 . 4 25. 1 2 .0 115 .0 4 7 5  .0 6 9 0 . 0  
96 45 .  0  25 .4 27. 3 2 .0 115 .0 590 • 0 710.0 
Figure 44. (Continued) 
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NI CAL TT?^= (HO UP S) TO TNCIIR 
ATURE HajLSTii3.Ej.::^w^n^ oAM AGE _ A_n^v_VAI7 i2_LDS.&_G5_ 
SAMPLE DEG F INITIAL FINAL 0.1% c .5 X 1.1% 
17 105 . 0 26 .1 2S. 7 - — — — — — — — — — — — 
IS 105 .0 26 o L 34. 9 2H. 7 9, 6 4 3 o5 6 . 0 
19 10 5 oO 26 . 1 31 o 5 23. 7 S. 6 39 o 5 6 5.0 
20 10 5 .0 26 .1 31.3 28. 7 8. 9 40 .0 66.0 
25 105 .0 25 o 6 25. 8 36. 9 10. 0 43 v5 6 5.0 
26 105 .0" 25 » 6 3 6 o 9 9, 8 •^ r A-.0 61.0 
27 10 5 .0 ' 25 . 6 28. 1 36. 9 10. I  4 3 .5 64.0 
28 10 5 .0 25 .6 26.4 36. 9 10. 1 45 .0 67.0 
29 105 .0 • 21 o4 21. 1 34. 4 3 6 « 6 94 oO 122.0 
30 105 * 0 21 a 4 21.2 34 u 4 29. 0 7 8 . 0 lie .0 
-3 ^ 10 5 .0 ' 21 «4 28.4 34. 4 20. 7 66 .0 9 2.0 
32 105 oO 21 .4 21.3 54. 4 22. 2 70 . 0 9 8.0 
33 90 .0' 26 o L 27. 1 28. 7 12. 5 45 .0 6 4^0 
34 90 .0 2 6 . 1 23.9 28. 7 12. 8 47 .0 74.0 
3 5 90 oO 26 . 1 —  — — —  2P.. 7 
36 90 .0 26 .1 2 a. 7 — - — — 
41 90 oO 25 . 6 25.8 36 9 13 o 4 52 0 78.0 
42 90 .0 25 . 6 25.7 36. 9 13. 2 50 o 5 7 6 0 0 
43 90 .0 25 .6 26.0 36 o 9 13. 1 50 .0 78.0 
44 90 .0 25 .6 3 6. 9 13. 
45 90 .0 21 .4 22. 6 34. 4 33. 5 32 116.0 
46 90 «0 ' 21 .4 22.0 34 » 37. 9 90 .0 118.0 
47 90 .0 21 .4 22.0 3»^. 4 34. 2 8 2 .0 113 .0 
43 90 .0' 21 » 4 22.0 34. I ,  32. 9 82 o 0 112.0 
49 75 .0 26 * 1 30.0 28. 1 23. 9 94 .0 1-r .0 
50 75 .0' 26 « L 21.1 28. 7 19. 5 3 2 .0 136.0 
5 I 75 .0 26 .1 27. 1 28. 7 19. 8 8 2 .0 1 3 ? 
5 2 75 .0 26 .1 23. 9 28. -? 20. 9 36 .0 138.0 
57 75 .0" 25 e 6 26.4 36. Ç 26. 4 96 .0 145.0 
58 75 .0 25 . 6 26.5 36. 9 26. 2 9 5 .0 144.1 
5 9 75 .0 ' 25 o 6 27.7 3 6» 9 24. 7 100 Û V ' 15 2.0 
60 75 oO • 25 6 6 26 . n 36. 9 28. ]_ 94 6 V 140.0 
6 1 75 . 0 21 .4 22. 5 34. 4 31 » 200 .0 2SC .0 
62 75 ,0 • 21 . 4 22.2 34. 4 92. 0 200 0 "-J 28 2.0 
5 3 75 .0" 21 o4 22.7 34. 4 76 o 4 183 . D 2 5 6. 0 
64 75 ,0 21 .4 22.4 4 S2. 4 2 0 .0 26 6. " 
Ô 5 60 .0 26 . 1 25.8 2S. 7 43. 7 210 .0 304. 0 
6 6 60 .0 26 .1 26. 8 26. 7 47. 4 196 .0 29 2.-
67 60 .0' 26 .1 2S.4 28. 7 44. ; 130 .0 26S.0 
68 60 .0" 26 .1 27. 5 28. 7 49. 5 196 .0 292."^ 
Figure 45. Summary of 1964 field dried data 
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TEMPER­ MECHANICAL TIME (HCURS) TC INCUR 
ATURE DAMAGE _A_niY_MII£a_LQii_GE_ 
SAMPLE DEG F INITIAL FINAL % 0.1% 0.5":': l.OX 
73 •60 .0 ?.. 5 o 6 23. 0 3 6 o c 5 1 c 9 210. 33 9." 
74 60 cO 25 « 6 24. 3 3 6 o 9 52. 3 210. n 314.0 
75 60 .0 • 25 « 6 25. 3 3 6 o 9 5 5. l  210. 0 316.0 
76 60 .0 25 o 6 25. 4 3 6. 9 59. 1 226. 0 324 .0 
77 60 .0 21 « 4 21. 8 34. 4 208. 0 620. 0 920.0 
73 60 .0 21 .4 21. 5 34. 4 244. r-j  6 6 0 « 0 1110.0 
79 60 . 0 21 .4 21. 5 34. i .  220. 0 620. 0 
80 60 .0 21 o4 21. 7 34 o c  210. 0 573 0 0 P7C.0 
31 45 .0 26 . 1 25. 4 ^ O t< 7 122. 0 4 R 0 t. ,1 710 .C 
82 45 .0 26 o 1 - 28. 7 116. 0 470. r 6Q0.0 
83 45 .0 26 .1 27. 9 28. 7 115. 0 470. 0 67 0.0 
S 4 4 5 .0" 26 ,1 27. 7 28. 7 122. 0 440. 0 625 .0 
89 45 .0 25 « 6 25. 1 36» 9 149. 0 590. n 815.0 
90 45 .0 25 . 6 25. 4 36. 9 i5q. 'J 590. g 815.0 
91 45 .0 • 25 . 6 25 e 0 36 u 9 133. 0 525. 0 745.0 
92 45 .0 25 .6 32. 5 36. 9 200. 3 430 . n 6 2C.0 
93 45 .0 21 » 4 24. 6 34. 4 702. 0 1410. 0 2 50 0.0 
94 45 .0 21 .4 22. 7 34 . 4 717. 0 1680. 0 2 600. 
95 45 .0 ' •21 .4 21. 7 34. 4 663. 0 15 20. 0 2120.0 
96 45 .0 " 21 .4 20. 6 34. 4 746. 0 1580. 0 2 320.0 
Figure 45. (Continued) 
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S A M P L E  
T E M P E R ­
A T U R E  
DEC F  
EQISIUELI 
I N I T I A L  
•!,, R . 
i'xir 
MFC H AX: CAL 
DAMAGE . 
TIXE (HOURS) 
n Y • /; I 
INCUR 
c r ~ 
2 5  1 0 5  0 0  2 0  * 1  2 1  o 0  4 - a 4  2  5  c. 5  6  7 . 5  1 0  0 . 0  
2 6  1 0 5  0  2  0  i 2 0  o s  3  4  0 Z | .  2  6  d  0  0  i  0  9  7 . 0  
2 7  1 0  5  J Q 2  C  0 I 2 0  4  C 4  2  5  u  5  6  6 . 0  9 4 . 0  
2  S  1 0 5  o '  2 0  « 1  2 0  -7 4  a  4  2  6  b  2  6  0  0  9 5 . C  
2 9  1 0  5  g 0  1  5  0  • 3  4  0 3 0  2  0  5 1  0 . 0  7 2 5 . 0  
3  0  1 0 5  0 0  i  5  0  1 5  2  4  0 4  2 5  u 0 Q  4 3  
0
 
0
 7 0 5 . 0  
3 1  1 0 5  0 0  1  5  * 0  1 5  5  u 2 8  2  0  4 8  0 , 0  6  3  5 . 0  
3 2  1 0 5  O 0  1  5  0  - 3  * 4  % % 4  0 0  .  3  6  0 . 0  5 7  5  0  0  
4 1  9-e 0 '  2 0  1  2 0  O 7  ? 4  * 4  3  9  u 9  9  2 . 0  13' 1 0 0 
4 2  9 0  0 0  2  0  1  - 0 4  
4 3  9 0  O o '  2  0  0 2 0  a 6  3  4  i. --- — — — 
4 4  9 0  a  0  2  0  I 2 0  o 7  3  4  e 4 4  7  0 2  9 6 . 0  1 5  5 . 0  
4 5  9 0  u 0  1 5  0 Q 1 7  a  I 3  « 4  2 1  0 0  4 3  0  o O  7 6  5 . 0  
4 6  9 0  e 0  • 5  5  O 0  1 6  « 7  3  4 0 4  ---
4 7  9 0  o 0  5  O 0  1  5  a 9  3  4  * 4  2 5  7 e 0  6 9  5  j O  
4  8  9 0  o 0  1 5  O 0  1 6  d  2 3  4  a 4  
5 7  7 5  o 0  2 0  O 2 1  o 5  4  0 4  8  u 8  2 4  0 . 0  
5 8  7 5  J 0  •  2  0  O 2 2  0  3  4  0 4  5 9  i, 6  0 . 0  4 2  4 . 0  
5 9  7 5  o 0  '  2 0  O 1 2 1  S  3  4  w 4  S  4  0 2 3  0 . 0  3 4 0  . 0  
6 0  7 5  0  _  2  0  » T  2 1  C 5  3  4  * 4  6  ;* J .  2 2  0  c  0  3 3 6 0  0  
6 1  7 5  0  "  5  O 0  1 7  r, 3  4  0 4  6 0  1  c  0  0 . 0  
6 2  7 5  « o '  1  5  » o 7  3 4  C 4 6 9 5  0 0  1 4 6  O c O  
6  3  7 5  o "  1  5  * 0  1 7  U 0  0 4  6 4  6  e 0  
6 4  7 5  0  1  5  0  1 7  t .  3  4  t  4  6 2  0  (, ] 1 5 6  0 . 0  
7 3  6 0  0 '  2 0  O 1 9  o  6  3  0 4  1  V g  
7 4  6 0  0  2  0  O 1  2 0  3  4  2 1  1  3  - 1  
75 6 0  0  2  1  2 0  C  3  4  0 4  2 0  6  u  0  5  V  0 . 0  
7 6  6 0  O o '  2 0  1 9  0  3  4  * 4  2 1  0  6 0  5  V  0  1 1 1 0  0 0  
7 7  6  0  , 0  1  5  O n  1 6  0  3  4  « 4  ---
7 8  6 0  a 0  c  U Q  1 5  » 4  3  0  ---
7 9  6 0  o  g  "  1  5  a 0  1 6  Q 6  4  0 4  2 0 3  0  w 0  
B O  6 0  0  1  5  o 0  4  2  0  4  ---
3  5  4 5  2  0  » 2 2  « 2  4  a  4  5  J  w 0  I C A  0  V r  
3  6  4 5  o 0  2  0  a I 2 2  3  3  4  6 4 6  0  • J  6  6  O o O  
3  7  4 5  0  2  0  o I — -- 3  z .  c 4  ---
c  3  4 5  0  2  6 1 — -- 4  6 4  ---
5  9  4 5  « 0  ]_ s 0  — -- 3  0 4  7 1  2  0  -) 1 2 2  c  
9 0  4 5  J 0 '  I 5  O 0  1 6  . 6  3  0 4  --- — — —  —  —  —  
9 1  4 5  , 0  I 5  « 0  1 6  1 4  6 4  2 4  7 0  1 6 4 0 . 0  
9 2  4 5  , 0  i 5  « 0  1 6  o 5  3 4  * 4  6 9 3  e 0  
Figure 46. Summary of 1964 rewet and natural air dried data 
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S A X PL E 
T E M P E R ­
A T U R E  
DEC F  
kEC!iA\:CAL Ti UK S 3 '0 TNTUK 
INITIAL FINAL 
D ;  
; 0.1^ -; 0.5" 
Ô  5  6  5  .  0  3  0  o  5  2  7 „  o  3  »  0  2 3  o  5  1  3 2  r\ 0  2 9 ?  . 0  
6  6  6 5  . 0  3  C  . 5  2  7 o  6  3  o C  2 1  o  L 1  3  2  . 0  3 1 2 . 0  
6  7  6 5  . 0  V  1  . 7  2  9  o  0  4 1  o  I .  1 6  « 5  5  8  . 0  I C  5 . 0  
6 8  6 5  . 0  3  7  . 7  3  V  t o  3  4 1  o C  2 0  e  6  6  5  . 0  1 ^ 1  
6 9  6 5  . 0  •  3 3  . 2  2  9 „  5  3  o C  1 7  C i  1  0  0  . 0  2 5 2 . 0  
7 0  6 5  . 0  3 .  3  j  ^  3  C'v 3  3  0  0  1  9  o  0  C O  . 0  221: .0 
7 1  6 5  . 0  3  3  . 9  3  3  c  1  4 1  o O  1 0  u  g  3 0  . 0  O  C  a  0 '  
7 2  6 5  . 0 '  3  3  . 9  3  1 - 7  4 1  0  C  i n  3  0  4 0  o O  F  C  .  0  
7 3  6  5  . 0  2  4  . 4  2  3  3  . 0  B 3  o  3  0 1  5 5 C  . 0  
7 4  6 5  . 0 '  2  o  4  2  2 .  6  3  . 0  — -- — — 
7 5  6 5  o O  2 5  o  6  2  4 .  7  4 1  . 0  3  6  0  2 9  , 0  i c "  . 0  
7 6  6 5  . 0  2 5  •  6  2  4 .  6  4 1  . 0  3  6  0  4  0  2  o  0  I P  5 . 0  
7 7  6 5  . 0  2  9  O  1  2 4 .  3  3  , 0  4 0  0  0  1  6  2  «  0  3  7  c  V  0  
7 3  6 5  •  w  2 9  o I  2 4  u  5  »  0  4 0  0  1  6  2  « 0  1 6  6 . 0  
7 9  6 5  . 0  2 9  «  3  2  6  o  7  4 1  o  G  2 4  o  0  7 3  o O  1 3 C . 0  
8 0  6 5  o O "  2  o  o 3  2 7 .  2  4 1  o  0  2 7  o  7  S  . 0  13] ^ ,g 
8 1  6 5  , 0  2 0  . 1  1 6  »  3  . c  2 2 0  e  0  I C  0  0  o O  
8 2  6 5  . 0 '  2  0  . 1  6  «  5  3  . 0  2 2 3  0  1 1  C  G  (f •' 
8 3  6 5  . 0 '  1  9  «  3  2 0 .  c  4 1  . 0  1 6 4  t  0  3  2 0  « >  o  6 5 C  6 0  
8 4  6 5  . 0  1  9  . 8  2  9 w  9  4 1  o O  S 3  0  9  1  5 0  o  0  
3  5  6 5  o  0  2  1  .  1  9  o  2  r \  O  v V  7 4  V  5  4  " 0  o O  A C O  . 0  
c  6  6 5  o O  •  2  . 2  2 1  o  1  3  . 0  1 0 6  o  6  5  0  0  5 4 0  . 0  
8 7  6 5  o C  2  2  . 9  2  2 .  9  4 1  c  L '  S  9  a  y 2  4 5  . 0  3  9  C  o  0  
S  S  6  5  . 0  2  2  . 9  2  2 ,  9  4 1  .  c  9 1  5  9  2  5  5  a  4 7 C  . 0  
9 3  6 5  . 0  r.3 - - .  0  1 3 2 0  6  5 4 5 0  . 0  
9 4  6 5  . 0  ]_ 6  . 0  - - 3  n  1 4 1 5  O  0  — — 
9 5  6 5  o C "  1  3  . 9  2  9 .  2  4 1  O 'yJ — - — — — 
9 6  6 5  . 0  1  8  . 9  8 .  5  4 1  .0 - — — 
Figure 47. Summary of 1965 Test 1 data 
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TE M P E K- M E C H A N I C A L  T I X 5  ( H u U R S :  T O  I N C u R  
A T  U R E  DAXAGE _A_[}2.:'_!£AII.zH._Li-SS_E^_ 
S A M P L E  D E  G  F  I N I T I A L  F I N A L  %  G . ! : "  1 ^ 1 - - ;  
1 6 5 .0 1 9  o 0 2 2 6 .  c 3  C  o 0 1 4 3 c  u0  2  4 4 0 . 0  
2  65 .0 19 c 0 31» 4 2 6 .  6 ? 0 o 0 2  2 0 . 0  3 6 0  .  :  
3 65 .0 1 3  .0 17o 3 2 6 .  6 2  5 0 0  u — — — — 
4 65 0 V 13 o c l -y i. i 6 7 2 6 .  6 2QCC' o 0 
5 65 oQ- 13 oO 17. 7 3 o 3 6 5 0 0  u 0 — 
6 65 « -J ' 3 o <J 17. 3 3. 3 5 4 0 0  o 0 
7 65 .0' 22 cO 2 1 .  2 2 6 .  200 o P.60 .0 
3 65 .0 2 2 oO 2 2 .  2 2 6 .  6 ISO o 0 5 1 0 . 0  7 4 0 . 0  
9 65 .0 22 oO 13, 7 3  5 0  û  D 1 7 5 0 . 0  3 200 
10 65 V 0 2 2 cO 26. 0 3 1 8 2  c  3  4 4 0 . 0  ' 6 c C' ^  
11 65 .0 16 .0 13 o  7 2 6 » 6 2 3 0 0  o  0 5 4 5 0 . 0  7  5 0 0 . 0  
12 65 o O  I  6 .0 - 2 6 .  6 -- — 
1 3  65 .0 16 . 0  13, 7 3o 3 3 2 0 0  0 7 2 5 0 . 0  
14 6 5 .0" 16 .0 13c 6 3. 3 3 2 0 G  V 0 6 9 5 0 . 0  
1 5  65 c O  •  19 .0 1 8 .  2 ^ a 3 -- — 
lô 65 .0 19 „0 1 8 .  7 3 a 3 800 0  0 3  8 0 0 . 0  5 ? 0 C . 0  
1 9  65 o O  •  26 o 7  2 3 '  o  2 6 .  O 4 0 o  0 2 3 0 . 0  4 2 :  u O  
20 65 o G  26 c7 21. 0 26. 6 4 G w 2 1 2 . 0  3 3 0 . 0  
27 65 . 0  25 .0 2 0 .  5 2 6 .  6 8 0 W  0 315.0 5 1 0 . 0  
2 3 65 .0 25 o O  2 0 .  5 2 6 .  6 3 0 . g 3 1 5 . 0  Sir .0 
2 9  65 . 0  25 . 0  1 8 .  3 3. 3 1 6 0  u  s.' 
3 0  65 . 0 "  2 5  . 0  18. 2 3 .  3 1 8 0  0 
Figure 48. Summary of 1965 Test 2  data 
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TEMPE R- MEC H A N, -CAL ( h 0 u ^ s ; T 0 ixr.ijR 
ATUR c DA:-' A GE _â_Dî \' MAIiE 
SAMPLE DEG F IN IT lAL r . i\ AL Col C a 5 % 1. n 
65. 0 25 .7 24. 2 31 / 1 0  0 173 .0 277.0 
2 65. 0 2 5 o7 25. 2 3 - w  57. Û 192 oO 26;-:.c 
3 65. 0 23 o 1 17 a 8 o 0  C 3 0. 0 260 cO 
4 6 5 o 0 2 8 . 1 17. 2 2 £ G O ' -J  a 0 32C 
33 74. G 25 ,7 22o - f  31 O  29. J 120 oO 19 5.0 
3 4 74. 0 25 o7 23. S 31 y  1 29. C) 112 .0 
3 7 74. 0 2 3 e 1. 3 3» 9 2 0 20. 0 113 .0 190.0 
- 3 S 74. 0 28 16 . 2 2 O c 20 0 150 
6 9 56. 0 ' 25 .7 25. 31 o  75. J  2Hn o O  4 2':." 
70 56. o' 25 o 7 25 . 5 31 « 7 5. 0 2r,8 « c 41.4 .0 
71 5 6 « o' 28 a - 2 o c — — •- — — — — 
72 56. 0 2 8  . 1 - 2 o Û — 
Figure 49. Summary of 1966 data 
TFHPFR- TIMh ( HMUK3) TU IMCUK 
ATUP.L - M Q L S l A J i i i  .GA TICX 
DA MAGC T KFATMFNT s  A M  PL F OF G F I N I T I AI F I\MAL 0 .  1 . C  0 . 5  % 1 . 0:.B 
C l)T 1. LMGTHWISi: 1  6  5 . 0  2 7 .  n  2 6 . 9  3 4  . 0  90. 0  1 4 0  . 0  
c  i n  L t:-MGTi:V, I S L  2 6  5  .  0  2 7 .  H  3  6 . 5  2  6 . 0  7  3 .  0  1 1 4 . 0  
CUT XI; IS!:- TM.UJ fM.I'kYCJ . 6  65 .  0  2 7 .  G  2 4 .  0  3 0 . 0  137. 0 1 7 0 . 0  
CUT Xh ISC TtUU h^iBMYLi 4 6 5 . 0  2 7 .  F ,  2  5 . 0  3 0 . 0  106 . 0  1 4  9 .  0  
C UT XWISI- TU^U 1: N o n s  Pi: 5 6^ . 0  2  7  .  t!  2  6  . 6  3  3 . 0  1 5 5 .  0  2 2 2  .  0  
C UT X V '  I S E  T M K U  E :  N O  O S  P I :  P M  6 613 .0 2 7 . 8  2  5 .  9  3  5 . 0  1  6 5 .  0 2 3 2 . 0  
F . S .  U  N O A M  A G  to K L - | - ' i\iF L S 7 6 5 . 0  2  7 . 0  2 6 .  7  3 0 . 0  130. 0  2 2  3 . 0  
f  • .  S .  UNDAMAGL-D KFRMFLS 8  6 5 . 0  ; ^ 7 .  e  2 ô .  2  3 0 . 0  140. 0  24 0 . 0 
P  .  S .  0 A M A  G e o  K F K h f  L . S  9 6 5 . 0  2 7 .  9  4  1 . 2 2 4 . 0  5 0  .  0  7 1  . 0  
F  .  S .  DAM A GEO KF''t!\'r L S  ]  0  6 5  . 0  2 7 .  H  2 4 . 0  3  6 . 0  0 6 .  0  1 2  6 . 0  
IMPACT V, tllG'-( HPOK r UPLf;) 1  1  65 .  0  2 7 .  P  2 5 . 0  2  6 . 0  1 2 5 .  0  1 7 2  . 0  
I  f '  P A  CT IvlD Gl- { PkOK FN MP Li:) ] ? 6  5  .0 2 7 .  Û  2  5 . 2  2 2 . 0  1 1 5 .  0  ] 5 i ) « 0 
1  MI' l  ST l.ITH SOIL 17 6 5 . 0  2 7 . 0  2 ^ . 2  2 9  . 0  1 7 4 .  0  4 4 8 . 0  
ir;ri" ST WITH SCIL l!i 6 5  .  0  ?7 . S 2 4  .  1  2 9 . 0  1 6 2 .  0  3  ( M i .  0  
C U T LLMbTITV.lSL INI V;/SGIL 1 9  6 5 . 0  2  /  .  F .  2  5 . 0  2  0 . 0  97. 0 132 .0 
CUT l.Fl\b TUMI S L IMF W/SMIL 2 0  65 . 0 2 7 .  8  2 5 . 3  5 0 . 0  106. 0 14 0. 0 
S TtR ILW.r, WITH CLMRMX 6 5 . 0 2 7 .  H  3 2 .  9  2  t) .  0  1 50 . 0  2 1 0 . 0  
S T (  k  ILIZF VJFli CLC.'MX 2 6  6  5  .0 2 7 .  8  1 0 . 4  31.0 2 2 5 .  0 1 1 0 , 0  
S I .  I C  r. OM Ff-iMRYC; 2 Y  65.0 2 7 .  0  2  6 . 2  3 7 . 0  1 3 3 .  0 • 1 7  5.0 
S 1.1 c [ n^i LMtiUYM 30 6 5  . 0  2 7 . 0  3  7 .  e  3 7 . 0  H  0 .  0 1 Om . 0 
S L  I C  r Ml: I NOuSIM-nii 3 1  6 5 . 0 2 7 .  0  2  4  .  0  3 4 .0 200. 0 3 7 0 . 0  
SI ICh UP .  1 KDÛSt-' L i : r  3 2  6 5  . 0  2 7 .  9  ]  "  .  0  3  3 . 0  2 1 0. 0 A 0 . 0 
IMPACT [MIUiYil 0 .f,0 IK-li: 3 S 65 .0 2 7 .  ( 1  2 5 . 5  2 3 . 0  140. 0 2:,6. 0 
IMPACT [-MPPYi) 0.6') IK-IK 3 6 65 .0 2 7 .  C  2  4  .  0  2 2  . 0  14 4 c  0 20:1 .0 
PINMULi: IN l':;r,kYC, 4 1 6 5 . 0  ? 7 .  S  2  6 . 9  24.0 190. 0 24 0.0 
p I rvi 1 ML;: IM [Mpi Yo ^2 6 5 . 0 2 7 .  2 4  .  0  2 4 . 0  13 5. 0 200.0 
Figure 50. Summary of 1965 artificial damage data 
DAMAGE TIU'ATMFNT 
T[-MPFR-
ATUPC 
SAMPLE DL-G F 
PINHOLC- IN 
PINI-IOLF IN 
D!:Fn:(MATinN 
DEFORMAT ION 
DEFORMATION 
DEFORMATJON 
DEFORMATION 
DEFORMATION 
ROLLFR MAX 
RFJLLER 
ROLLFR 
R ("3 L IER 
ROL LER 
ROI. ;R 
MAX 
?./3 
2 / 3  
1/3 
1/3 
ENDOSPERM 
ENDOSPERM 
-
- 2 4%; 
- 16% 
- 161( 
-
P. %  
PR F SSUR F 
PRESSORE 
HAX PR F S SO!.'. F 
M AX PRFSSUR[ 
MAX PR F S SUR[ 
MAX PR F S SUR F 
'i il 
4 4 
49 
PO 
51 
52 
53 
54 
59 
60 
61 
62 
6 3 
64 
65.C 
6 5 . 0  
6 5.0 
65.0 
6 5 .  0  
6 5 .  0  
6 5 . 0  
6 5 .  0  
6 5 .  0  
6 5 .  0  
6 5 .  0  
6 5 .  0  
6 5 .  C  
65. 0 
Figure 50. (Continued) 
INITIAL FINAL 
2 7 . 8  2 5 . 5  
2 7 . 8  2 5 . 5  
2 7 . 8  2 5 . 2  
2 7 . 8  2 6 . 8  
2 7 . 8  2 5 . 5  
2 7 . 8  2 5 . 0  
2  7 . 8  2 3 . 2  
2 7 . 8  2 4 . 6  
2  7 . 8  2 2 . 9  
2  7 . 8  2 4 . 0  
2  7 . 8  2 6 . 2  
2 7 . 8  2 6 . 5 '  
2  7 . 8  2 2 . 3 '  
2 7 . 8  1 8 c 8  
F (MflURS) TO l'ICU-^ 
8Y..rATTrH_L[!5.S._nF_ 
U- 0.5% 1.0': 
„0 174 .0 2 8,j .0 
.0 174 .0 2 60 .0 
cP 1 Al ^ O 3 5C.0 
.0 160 .0 2 66.0 
oO 168 314.0 
oO 174 .0 338 .0 
oO ] 9 6 cC 3 8 8 .. 0 
.0 IFO oO 342.0 
.0 1er .0 354 c 0 
oO 164 c-O 320 .0 
.0 1 6 cO 300 c 0 
.0 180 .0 3/:2.r-
c 0 1 7 5 .0 3 7f%0 
.0 190 9 3'' .0 
T I M 
-A 0 
C. 
31 
30 
3 2  
3 6 
35 
3 3 
37 
3 5 
3 2  
31 
3 2 
33 
32 
34 
TEMPER­ T I ME (HOURS) TO INCUR 
ATURE AinjL_sj[_URj: A DP Y _rAITrg_LnS 5_0F_.. 
DAXAGE TRFAT'i ENT SAMPLE DEG E INIT1AL F IN AL c. 1 y 0 . 5 1 .0% 
KURCF L(JADE. n ?.on. 80 L [ 5 65. 0 29.1 35.0 15.0 84.0 119.0 
FORCÉ LOAnUD 2A1BG LB 6 65.0 29. 1 24 . 1 17.0 90.0 14 5.0 
F CIRC!: LOADED 3^180 LB 7 65. 0 29.1 25.3 16.0 95.n 180.0 
Funcc LOADED 3?100 LB 8 65. 0 29. 1 27.9 17.0 95.0 162.0 
FdRCF LOADED 6?100 LB 9 65. 0 29.1 20.8 29 .0 2 30.0 520 .0 
FGRCE LOADED 6?100 LB 10 65.0 2 9.1 20.3 30.0 22C .0 385.0 
IMPACT EMRRYO 0.'5 9 IN--LB 11 65. 0 29.1 25.1 51.0 14 5.0 216.0 
IMP ACT EMR.RYO Oo '5 9 IN-LB 1? 65.0 29.1 26.2 20 .0 110.0 182.0 
IMP ACT EMBRYO O.V!;i IN-1 B 1 3 65. 0 29.1 26.0 4 4 . C I 70 .r 225,0 
IMPACT [M 3RYU IN-L B 1 4 65,0 29, 1 24.2 20.0 128.0 20 8,0 
IMPACT ENDOSPFR:",- 0 r 7!3 IN-LB 1 E) 65. C 29. 1 19.4 30 .0 265.0 6 4 0.0 
IMPACT ENDOSPERM 0 .7 ' j  IN-LB 1 6 65. 0 2 9.1 2 3.0 29.0 220 .0 395.0 
IMPACT EN DO S P F I'M 1 .08 IN-LB 17 64 . C 2 9.1 27.0 ?'4 .0 20 4.0 3 64.0 
IM, ACT ENDOSPEIMM 1 .on TN" I.B 18 64. 0 2 9.1 26.9 3^ .0 2 20 .0 390 ,0 
IMTJ ACT WEDGE 0,67 I N-I.f, I 9 64 . 0 29.1 29.0 17.0 1 30 < 0 2 20.0 
IMPACT WEDGE 0.67 ] N-LB 20 64 . 0 2 9.1 29. 1 I 8 .0 184 .0 284 .0 
IMPACT WEDGE 1.00 I N- L R. 21 64. 0 2 9.1 29.2 2C .f" 9 5.0 149 . 0 
I.'i PACT tV!:!)GE 1.00 I N - i  f. 2? 64 . 0 2 9.1 29.0 19.0 95.0 I 53.0 
I M A C T  EMflRYO TIP 2 3 64.0 29. 1 29.2 20 .0 112.0 2 20.0 
IMPACT EfUiRYO TIP 24 64.0 2 9,. 1 " 21.0 13 5.0 2 24 .0 
CUT >:[•! ISF TIIRU ENDOSPERM 25 64 . 0 2 8.1 26.8 34.0 184 .0 2 8 8 .0 
CUT XWISr THRU FNOnSI^CRM 26 64. 0 28.1 26.2 40. 2rO 3: 2 .0 
CUT xv; ISF THRU EMR RYO 27 64 . 0 28.1 28,0 27.0 12 5.0 1 80 .0 
CUT XWISi: THRU F MR RYO 28 64 . 0 2 1 2 8.2 25.0 125. r, 1 8 2 0 
CUT LF NGTHWISE 29 64 . 0 28.1 28.2 22.0 1 0 r. 0 }  7 0  0  
CUT IF NGl IIW I SE 3 0 64 . 0 2 8.1 2 8.7 22.0 1 08.n 170 .f" 
Figure 51. Summary of 1966 artificial damage data 
TtMPFR-
ATURE 
ni:G F 
SLICF ON Fiir.iiYO 
S F  I C I :  O N  [ I Y  U  
F. So DA!;AGFn KFRNELS 
F. S. OA:'.; AG F 0 KFRN'FLS 
F. S. UNnA'iAGFD KLRNFLS 
F,S. U N 0 A M A G FI ) K FR N F1. S 
lloSc GRADED KERNELS 
Ile S. GRADED KERNELS 
M.S. ROUND KERN FI. S 
II,. Se ROUND KERNELS 
II, S. SMALL KIRNiïLS 
IL So S:/A(L KERNELS 
SLICE CiM ENUUSR ER:I 
SI. ï CE ON CNHOSPEU'-'. 
PlNlFiLE IN FîliM-VO 
PINIIOLE IN EX 1%' Vn 
PINMOIE IN ENDOSf'FRN 
PIMIIOLF IN ENDOSPERM 
S OU FF 7 ED Ii'i VISE 
SOUEr/ED IN VISE 
DEEURNA riON - 4 8": 
DEf:Ol::"iATinN - 4 fi X 
DEFOR-AlION - 3?% 
DE F ORNAT ION -
DkEO'U: AT ION - l 6% 
DEEO-U: AT ION - ].6? 
I 
31 6 4 r, 0 
3? 64,0 
3 9 7 A u 0 
/|0 7A c 0 
/, 1 74, 0 
74 o 0 
43 74 .C 
4 4 74 . n 
4 5 74.0 
A 6 74 . 0 
3', 74 ,0 
A 7 7 A .. n 
4 0 6A, ^  
50 6A,. 0 
51 66 rC 
52 6 6 c 0 
5 3 6 A . 0 
5 A 6Ac f'. 
5 5 66. 0 
5 6 66 o 0 
5 9 66. n 
f'O 66c 0 
61 6i'> < (' 
A? 6c c r-
A3 6 A „ r 
6 A 66r r, 
Figure 51. (Continued) 
M.ni5I.U.|:&aVn.^  
INITIAL F IN AL 
28 .. ]. ?0 c4 
2(1 1 2 0 c4 
2 5 ,4 1 1 c3 
25 < 4 1 1 .0 
2 5 c A 2 2 
2 5 1 A 22 c"^ 
20 0 6 2 4 . 2 
2 0 c6 20 ,3 
31 oO 29 c 3 
31 . 0 — — 
2 5 . ]. 16 
2 5 c 1 2 A c'-
2 9 V. ]. 2 5 . 2 
2 c 1 31 o9 
2 9 c 1 26 c9 
2') c 1 2 7 c9 
2 9 e ). 2( V 2 
2') c 1 2>! 
2 7 r 0 21 e 7 
2 7 ,, 0 20 c9 
2 n 2 2 6 < 
2R c 2 2 6 cV 
.2 A ? 2 5 c A 
2f! c 2 26 c 
2n „ 2 2 0 < 9 
2 p. <• 2 2 7 .6 
TIME (HOURS) TO llvClj? 
A_ DRY 1/ A1 -I- F R 1 nSS Of-
r.n: 0.5% 
20 r. 14 5 .0 2 37 cO 
21 cC 152 .0 245 .0 
32 cC 1 A C .0 364 .0 
27 cC 1C4 cO 2 ] c. r-
A 6 .0 100 .9 256 oO 
A A cC 1 64 oH 256 c 0 
2 A cC ] 00 oO 425 C.0 
23 1 6 5 cO 447 ^ r 
1 H oC 100 .0 212 
10 cO 1 0 [ cO 2C6 f-. 
AO cC 3 7 0 cO • 
!" A ,.c 2r:o cO 410 cT 
A 9 oC 2 50 .0 3T'0 ri 
po .9 I 26 ] 76 . 0' 
31 I 69 B  0 252 oO 
2 5 cC 16A . 0 2 7 2 cO' 
40 cC- 364 .9 
36 cC 20 0 .0 3A A c 0 
7^ 700 cO 1220 ^ r, 
70 . r  A 5r cO 7r 0 c 0 
2 A oO 1 1 E .9 1 0 0 .r' 
2) cC ] 0 6 r\ 1 6 6 .0 
r ^  A  20c , ^ 2 Y 6 
/. c- ( 1 AO 200 . r  
A / cC I c 0 3 3 6 
1 T ? n 390 c 
189 
APPENDIX D: EMPIRICAL EQUATIONS FOR IWLTIPLIERS 
Temperature multiplier; 
T < 60 F 
or 
M < 19% 
= 32.3 e 
-3.48(T/60) 
T > 60°F 
19% < M < 28% 
-3-48(T/60) 
M = 32.3 e + 
T 
((M-19)/100) e 
0.61((T-60)/60) 
T > 60°F 
M > 28% 
-3.48(T/60) 
= 32.3 e + 
0.09 e 
0.61((T-60)/60) 
Moisture multiplier: 
13% < M < 35% M^ = 0.103 (e 
455(Mgg) 
1.53 
0.00845 Mgg + 1.558) 
Mechanical damage multiplier: 
0.1% dry matter loss 
"D 
= 1.82 e -0.0143D 
0.5% dry matter loss M^ = 2.08 e -0.0239D 
1.0% dry matter loss Mjj = 2.17 e 
-0.0254D 
